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Abstract:
Agans, Richard. Ph.D. Biomedical Sciences PhD Program, Wright State University,
2016. Modeling effects of diet on human gut microbiota

The human gut microbiota is integrally involved in the metabolism of nutrients
contained within the human diet. Studies into human nutrition have primarily been
carried out using human and animal models. These studies are extremely important in our
understanding of human nutrition, however, suffer from inherent limitations including
unique microbial compositions between individuals, compliance in human studies,
inability to carry out mechanistic studies, and inability to interrogate proximal regions of
the gut without applying invasive techniques. In vitro gut simulator systems circumvent
many of these limitations in animal and human models by allowing control of gut
environmental conditions, decreasing variability observed between subjects, and enabling
mechanistic investigations and interrogations of inaccessible regions of the gut. In this
work a custom biofermentation system, the human gut simulator, was designed,
validated, utilizing previously reported gut conditions, capable of temperature, pH, and
atmosphere regulation, nutrient transit, and it allows real-time sampling of vessel
contents or addition of exogenous agents. The human gut simulator was further employed
to the study of gut microbiota response to dietary long chain fatty acids as a sole nutrient
source, following stabilization on a rich ‘western’ medium. Microbiota showed rapid
responses to the transition from western to fat medium; where a lack of carbohydrates
and proteins resulted in decreased community density. Specific members of the
microbiota were capable of utilizing long chain fatty acids, including Bilophila, Alistipes,
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and Escherichia/Shigella. Interestingly, members of the microbiota incapable of
metabolizing long chain fatty acids included beneficial microbes Roseburia,
Bifidobacterium, and Akkermansia. Ordination and principal response curves analyses
highlighted a significant effect of medium change on shifts in microbial composition over
time. In conjunction with in vitro studies, human volunteers were enrolled to assess
responses of microbiota to diets high in proteins, carbohydrates, or fats. Microarray
analysis revealed specific individual host responses to test diets with smaller community
wide effects. Increasing the amount of protein in the diet had a positive impact on relative
abundance of Akkermansia, Alistipes, Enterococcus, and Lactococcus, while higher
carbohydrates and fats resulted in higher abundances of Bifidobacterium, and Alistipes
and Escherichia/Shigella, respectively. Together these results indicate that the Human
Gut Simulator allows for robust studies of the human gut microbiota, and offers a
foundation for conducting nutritional interventions in human subjects.
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I. Introduction
Microbiota

Microorganisms inhabit a plethora of environmental niches from soil, water (salt
and fresh), air, plant surfaces, and organisms such as insects, mammals, birds, and
reptiles

(1, 2)

. There has long been much interest in studying the microscopic world,

exemplified by the vast number of studies conducted on microbiomes inhabiting these
many environments, including those inhabiting humans

(1, 3)

. Human associated

microbiota have been recorded on human epithelia, with communities inhabiting all skin
regions (armpits, hands, feet, abdominal, etc.), along with urogenital, nasal, auditory,
oropharynx, and the gastrointestinal tract

(3)

. Of particular interest to researchers is the

microbiota of the human gastrointestinal (GI) tract because of the intimate nature in
which these microbes can influence human health and disease.

Microbiota of the gastrointestinal tract

The human gut is populated with microbes within hours after birth, and the
microbiota continues to grow and mature throughout the life of the host (4, 5). Currently, it
is estimated that the distal gut harbors upwards of 1014 bacterial cells and 700-1000
different bacterial species(6). These thousands of species are classified into a few main
phyla with Firmicutes and Bacteroidetes dominating the microbial community while
Proteobacteria, Actinobacteria, Verrucomicrobia, and others exist in minor proportions
1

(2)

. The microbiota within the gastrointestinal tract is least diverse in the stomach where

low pH, and high turnover rate keeps microbial cell concentrations low. Conditions
within the small intestine gradually improve with increased pH, nutrient content, and
large surface area allowing for increasing density of microbes. The colonic environment
is highly suited for hosting microbes. The colon maintains a smaller surface area than
small intestine for colonization, but is more steady in pH regulation and has slower transit
which decreases ‘washout’ of cells and allows for increased growth The colon also
functions primarily to absorb metabolites versus breaking them down like in the upper
digestive system, which allow microbes to thrive. While the colonic microbiota is in a
relatively stable environment, there are still influences on the microbiota composition and
subsequent function. Traditionally, insight into the gut microbiota has been reliant upon
cultivation and biochemical techniques; however, since most of the gut microbes are
obligate anaerobes which die in the presence of oxygen. This oxygen sensitivity limits the
ability of such techniques to offer comprehensive information regarding the microbiota as
a whole. Only 20% of gut microbes have been cultured; the advent of molecular
techniques have allowed researchers to bypass culturing requirements and glean
incredible insight into the structure and function of gut microbes

(2)

. Pairing these

molecular based techniques with complex in vitro systems can provide further
understanding into the function of the microbiota in response to external stimuli, while
ensuring that members of the microbiota aren’t lost due to environmental conditions.

Influences on GI microbiota structure and function

2

Multiple factors can influence gut microbiota. Host genetics, age, environment,
and diet have all been implicated

(7-10)

. The gut microbiota is established shortly after
(2)

birth and begins to mature along with the host

. In fact, the composition of the infant
(11-13)

gut microbiota is highly correlated with mode of delivery

. For instance, infants

delivered via the traditional vaginal method harbor a gut microbiota consisting of
probiotic Lactobacillus and Prevotella whereas cesarean born infants exhibited a
microbial community dominated by Staphylococcus and Propionibacterium

(14)

.

Staphylococcus species specifically have been linked to development of skin disorders,
endocarditis, osteomyelitis, and sepsis

(15)

. Interestingly, the administration of

Lactobacillus results in a decrease of Staphylococcus colonization. Previously it was
thought that the gut microbiota composition after one year of life closely resembles that
of an adult. A recent study assessed distal gut microbiota between healthy adolescents
(16)

and adults using a custom phylogenetic microarray

. Results from this study

highlighted distinct fecal microbiota between age groups, where adolescents harbored
more Bifidobacterium and Clostridium members

(16)

. Bifidobacterium species are

saccharolytic organisms that promote intestinal health through production of butyrate and
antagonistic control of inflammation via positive influence on IL-10 production and
negative influence on TNF-α. Similarly, members of Clostridium compete with foreign
microbes for mucosal attachment and nutrients which subsequently promote healthy gut
via lack of opportunistic pathogenesis in conjunction with butyrate production as well

(9,

17)

. A study by Biagi et al. indicated significant differences in gut microbiota between

centenarians (>100 yrs), elderly (>55 yrs) and younger adults

(7, 8)

. They noted that in

older populations, probiotic Faecalibacterium and bifidobacteria tended to decrease
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while Klebsiella, and Vibrio were significantly more abundant in centenarians than
elderly or young populations(8). Members of both of these genera are considered to be
opportunistic intestinal pathogens, which normally constitute less than 0.1% of the
overall microbial abundance; however as probiotic members decrease so do the inhibitory
influences they have on these pathogens

(18)

. As these studies highlight specific and

definitive differences in microbes inhabiting populations of different age they
acknowledge that as individuals age their diets change.
Aside from age, host genetics has also been viewed as a factor constructing or
shaping the gut microbiota

(7, 19)

. As such, this suggests that hosts sharing the same

genetic background will harbor similar gut microbiota structure. In fact, the gut
microbiota between di- and mono-zygotic twins was shown to be significantly more
similar than gut microbiota between unrelated individuals

(19)

. Additionally, comparisons

of gut microbiota between offspring and mothers indicated that gut microbiota
composition was more similar compared to gut microbiota of unrelated individuals

(19)

.

Recently, more studies have indicated more similarity between but microbiota of family
members when compared to non-related individuals (20-22). Even analyzing gut microbiota
between marital partners, who share similar diets and close living arrangements, the
microbiota of twins and family members exhibited higher degrees of similarity (23). While
these studies suggest that shared genetics influence gut microbiota composition the
authors, in some cases, have acknowledged greater influence to the microbial
communities from individual diets over genetics (i.e. obese individuals). It has not been
further investigated whether family members consuming divergent diets exhibit greater
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differences in gut microbiota, or whether family members living in distinct geographies
harbor differential microbiota.
Individuals residing within distinct regions possess unique microbial populations.
Mueller et al. assessed gut microbiota in four European countries. Germans were
characterized by lower presence of Bacteroides-Prevotella, Swedish individuals harbored
more Faecalibacterium,

and

French

individuals

maintained lower levels

of

Bifidobacterium, while Italian populations harbored significantly more Bifidobacterium
than the other countries. They also noted age specific variances across all populations,
elderly individuals harbored more enterobacteria regardless of residence

(9)

. Similar

findings were reported by Yatsunenko et al. who analyzed gut microbiota of populations
from U.S., Venezuelan, and central Africa (24). Large differences were seen between U.S.
and the other two populations with the largest difference pertaining to the amount of
Prevotella in each population. Furthermore, members of the U.S. population harbored a
much lower diversity within the gut microbiota compared to the other two groups as
determined by a much lower number of detected operational taxonomic units (OTUs).
Collectively, these studies highlight differences between populations of different regions
and age, but the effects of diet can be argued to have far more reaching influence on the
gut microbiota.
The human diet is a multifaceted entity consisting mainly of carbohydrates,
proteins, and lipids. The diet is made even more complex with the different amounts and
types of carbohydrates, proteins, and fats available for consumption. In fact, of all the
various influences on the gut microbiota, diet can be considered as more influential,
overshadowing any effect that age, genetics or geography impart. Those studies discussed
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above focused on the effects that age, genetics, and/or geography have on the gut
microbiota, and acknowledged the importance of diet in contributing to microbial
composition. For instance, children who were formula fed versus breast feed harbor
specific differences in microbiota with formula fed infants exhibiting more Clostridium,
Streptococcus, and Bacteroides, among others, while breast-fed infants harbored more
Staphylococcus, Bifidobacterium, and members of Lactobacillus

(25)

. The introduction of

solid foods drives the microbiota of breast-fed infants towards formula-fed and
furthermore towards a more mature community composition resembling that of adult
microbiota. Moreover, changes to lifestyle in aging populations can lead to changes in
diet and as such the selection for an altered microbiota as highlighted above. Yatsunenko
discussed regional differences among U.S. population and Venezuelan and African
populations; dietary intakes from the latter two groups consisted of consumption of
soups, fish, and unprocessed meats and fishes. De Filippo et al. recently reported specific
difference in children living in rural Africa versus industrial European Union (EU)

(10)

.

These children were uniquely isolated from each other and furthermore African children
did not have access to the same education, health, and community resources that can be
found in communities within the EU; as such the diets existing between these two
populations are highly divergent. Notably, EU children consumed animal based diets,
with high amounts of refined starch, sugar, and fat, whereas African children ate
vegetarian diets with the exception of chicken and termites as animal protein, albeit at a
low amount

(10)

. The gut microbiota between these two populations was highly different,

with gut microbiota of European children being dominated by members of the Firmicutes
phylum, whereas African children were dominated by a few members of Bacteroidetes
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(10)

. Interestingly, there was no overlap between Bacteroidetes within these populations

with European children harboring Bacteroides and Alistipes versus Prevotella and
Xylanibacter. The former two genera are well known to be involved in metabolic
degradation of animal carbohydrates, proteins and fats, whereas the latter two are
involved in plant polysaccharide degradation

(10, 26)

. These authors also highlight

increased presence of short chains fatty acids (SCFAs) in the African population
compared to European children. In addition to the divergence between Firmicutes and
Bacteroidetes, the authors also highlighted a greater contribution of Escherichia,
Salmonella, Shigella, and Klebsiella genera, known to be involved in detrimental health
conditions (i.e. intestinal hemorrhage, food borne illness, and enteric disease)

(27)

. In

another report, David et al. recently described the effect of animal versus plant diets.
Their plant based diet (9% protein, 70% carbohydrate, 31% fat), containing non-refined
grain cereals, vegetables, lentils, herbs, and fruits had little effect on the gut microbiota of
volunteers. Conversely, the animal based diet (28% protein, 0.6% carbohydrate, 69% fat),
rich in cheeses, eggs, and red meats greatly affected the gut microbiota. Microbes which
responded positively to the animal diet consisted of Bilophila, Akkermansia, Escherichia,
and Bacteroides while members of Roseburia, Eubacterium, Blautia, and Coprococcus
negatively responded to the animal diet. Interestingly, the animal diet resulted in a split
response by Clostridiales/Clostridium members with some increasing in abundance while
others decreased

(26)

. Similarly, work done by O’Keefe et al. focusing on gut microbiota

between Africans and African-Americans, illustrated that a Western diet (27% protein,
21% carbohydrate, 52% fat) versus a high fiber diet (14% protein, 70% carbohydrate,
16% fat) selected against Eubacterium and Clostridium members. Conversely, in the
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African and African-American groups, switching between a Western and high fiber diet
resulted in both increased and decreased abundance of Bilophila during Western and fiber
rich diets, respectively

(28)

. More studies have been recently carried out to illustrate the

influence of diet to gut microbiota in mice

(29-32)

. These diets included high amounts of

sugar and fats, reminiscent of United States diet. Inconsistent responses of microbes to
high sugar and/or fats in the diet occurred; these included Bacteroides, Ruminococcus,
Clostridium, Actinobacteria, Bacteroidetes, and Proteobacteria

(29, 30, 33)

. These reports

highlighted increased abundances of Alistipes, Bilophila as a result of higher fat or sugar
in the diet (30, 34-36). Care should be taken in interpreting results from these works owing to
differences in population geography and as such normal dietary practices, population
size, and measurement techniques/technology to profile the microbiota.
While the majority of macronutrient catabolism and absorption take place in the
stomach and small intestine, 10 - 15% of total energy harvest from the diet happens in the
colon by the resident bacteria(6). Hill indicated that the caecum comes in contact with 50 70g of fermentable carbohydrates, 10 - 15g protein, and 6 - 10g of fat materials each
day(37). Inclusion of fats in the diet results in substantial changes to the gut microbiota.
These changes have been associated with the susceptibility and development of diet
related maladies including increased obesity and metabolic syndrome, cardiovascular
disease and atherosclerosis, and type-2 diabetes (38). Assessing the response of microbiota
to fats in the diet, and further to the myriad of diets in existence, independently of the
host is crucial for determining the extent to which changes in the microbiota caused by
diet create changes to the health of the host.
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Degradation of carbohydrates and microbial involvement

Polysaccharides comprise monomers of sugars polymerized via alpha- and betaglycoside links and while humans are capable of producing alpha glycosidases for
digestion we are unable to degrade the beta form of these bonds. Bacteria in human hosts,
contain a multitude of beta-hydrolases and glycosidases that are responsible for the final
breakdown of these polymers

(39, 40)

. In fact, Macfarlane et al. highlight how certain

polysaccharides such as xylans and arabinogalactans(41) would otherwise be undigested
without bacteria, possibly due to a lack of presence of α-bonds for human amylases.
Englyst et al. (1987) demonstrated carbohydrate activity of fecal bacteria in vitro(42).
They reported that mixed groups of fecal bacteria were able to degrade a multitude of
carbohydrates and noted better efficiency for starch and pectin degradation. This might
be due to pre-processing by host enzymes or widespread presence of amylases among
many gut microbes. Other carbohydrates that are not as easily digested contain α- and ßbonds that gut bacteria are able to process through production of other enzymes
(glucosidases, polysaccharidases, xylanases, pectinases)

(42)

. An example of the

microbiota involvement in carbohydrate degradation/utilization can be seen with
Bacteroides. Members of genus Bacteroides employ specific enzymes, which degrade
complex glycans including different types of xylans, and are not shared between all
species within this genus, for example Bacteroides ovatus maintains a large reservoir of
glycoside hydrolases which are capable of stripping surface xyloses off complex xylans
and utilizing the metabolic intermediates as well

(43)

. Growth of Bifidobacterium

adolescentis in pre-degraded xylans resulted in little growth, but when the strain was
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grown in conjunction with Bacteroides ovatus in the presence of complex xylans, it was
able to grow very efficiently, suggesting that B. ovatus supplies B. adolescentis with
essential growth nutrients

(43, 44)

. Conversely, Bacteroides thetaiotaomicron is capable of

utilizing mannans from yeast but does not appear to supply any of the breakdown
products from this to other microbes (45).
The end products of polysaccharide breakdown are short chain fatty acids
(SCFA), specifically acetate, propionate, and butyrate. The amount of each SCFA
produced varies with different polysaccharides. Generally, the molar ratios of these
SCFAs have been reported to be approximately 55:22:21 for acetate, propionate, and
butyrate, respectively

(41)

. Macfarlane (2003) indicated that availability of carbohydrates

in the proximal colon would lead to increased presence of SCFA

(41)

. Short chain fatty

acids are efficiently absorbed into host enterocytes where they are utilized for energy.
While polysaccharides are viewed as the main energy source for colonic microbiota,
some proteins and fats may also escape digestion in small intestine and become available
to gut bacteria (46, 47). This is made more apparent by the effects of carbohydrate intake on
lipid metabolism and increased overall lipid intake (38, 48).

Degradation of lipids and microbial involvement

Diets high in fats have been implicated in metabolic afflictions, including obesity.
These diets usually allow for increased energy harvest and storage. According to Duca et
al. 50% of the American adult populace will be classified as obese within a decade

(49)

.

While work has been done to investigate the effects of increased lipid consumption on
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blood and urinary metabolites, little work has been done to illuminate the interaction of
gut microbes with high fat diets

(49-51)

. Dietary lipid metabolism occurs mainly in the

stomach and small intestine, where low stomach pH and peristalsis create crude lipid
emulsions which are passed into the small intestine. Subsequently, bile salts and
pancreatic enzymes continue to emulsify lipids and breakdown triglycerides into free
fatty acids and micelles, which are then absorbed by enterocytes, packaged into
chylomicrons, or repurposed to aid in cellular processes (52). It is reported that 95% of fats
are absorbed in the small intestine(53). Bernard and Carlier illustrated, using a rat model,
that absorption of fatty acids in the small intestine favors shorter chain molecules with
higher degrees of tail saturation

(54)

. Ockner et al. suggested that increased presence of

fatty acids would eventually cause saturation of absorption

(47)

. While this work was

performed in everted jejunal sacs and only utilized two fatty acids (linoleic and palmitic)
it posits the possibility that increased intake of fats may result in decreased relative
absorption in the small intestine allowing colonic microbiota to interact and metabolize
fats. Small highlighted that absorption of fatty acids containing long chains (>12) may be
poorly absorbed. He suggested that the position of fatty acids within a triglyceride
molecule may also affect the body's ability to metabolize these compounds(55). Using
MiSeq high throughput sequencing of microbial 16S rRNA V4 variable region Daniel et
al. recently reported high fat diets in mice did not significantly alter taxa within mice
caecum(30). They found decreased Ruminococacceae (Firmicutes) and paired increase of
Rikenelaceae (Bacteroidetes), although higher taxonomies shifts were not significant.
Along with the shifted Firmicutes/Bacteroidetes abundances, lactobacilli were also seen
to increase under a high fat diet. Interestingly, while microbiota profiling did not
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highlight significant changes to community structure, there were changes to metabolic
activity. Daniel et al. also found unique fatty acid profiles in rats fed high fat diets,
indicating fats escape complete digestion in the small intestine; correlating with increased
branch chain fatty acid metabolizing enzymes. Studies in humans have suggested that
under high fat conditions the amount of branched-chain fatty acids produced increases (56,
57)

. In a genetic IL-10 knockout mouse model, Devkota et al. (2012) utilized milk and

lard fat to simulate increased fat consumption

(34)

. Interestingly, saturated milk fats

promoted growth of Bilophila in comparison to lard and unsaturated fats, suggesting that
this genus possessed enzymatic machinery for degradation of specific types of lipids.
Regardless of the type of fat ingested, all diets appeared to result in increased microbial
richness, assessed by enlarged numbers of operational taxonomic units (OTUs) when
compared to a low fat diet

(34)

. David et al. (2014) also noted specific selections of

microbiota when animal fats constituted a high contribution to the diet

(26)

. Similar to

other studies, the inclusion of animal products decreased the amount of health promoting
SCFAs compared to the plant diet

(26)

. The small number of studies assessing the

influence of dietary fats on gut microbiota all agree that Bilophila, Alistipes, and other
microbes are linked to decreased health (30, 35, 36, 58-61).

Degradation of proteins and microbial involvement

Dietary protein digestion begins in the stomach where pepsin cleaves the peptide
bonds around aromatic amino acids (AAs) to produce polypeptides. Digestion continues
along the intestinal track where polypeptides are broken down to free AAs, di- and tri-
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peptides. Most dietary proteins are highly digestible, however; most proteases are more
active at neutral to alkaline pH found in the colonic environment

(62)

. The authors also

discuss that while digestion and absorption of alimentary proteins in the small intestine is
an efficient process, upwards of 6 - 18g of proteinaceous material may escape small
intestinal proteolysis and enter the large intestine. The amount of potential protein
entering the large intestine may be dependent on the rapid protein absorption in the
proximal small intestine however much slower absorption occurs in the distal ileum (62).
Studies focusing on colonic bacterial fermentation and breakdown of protein indicate
increased fecal ammonia and urinary phenolic compounds, hydrogen sulfide, branched
chain fatty acids (BCFA), amines, and other nitrogenous compounds

(62-64)

. Russel et al.

demonstrated that individuals on a diet high in proteins yet low in carbohydrates had
decreased total fecal bacteria. Significant losses were seen for Bacteroides, Roseburia
and Eubacteria, altogether little decrease was observed for Faecalibacterium prausnitzii
(56)

. It is plausible that the loss of total bacteria is a result of lower carbohydrates, which

may be fermented with more ease and efficiency than proteins. Another possible
explanation of bacterial loss during protein heavy diet could be indicated by decreased
production of SCFA and increased ammonia and urea compounds, which would alter the
pH of the local environment and thus disallow larger bacterial numbers to exist

(65, 66)

.

Hendriks et al. recently postulated that significant microbial processing of dietary
proteins occurs in the colon, in many non-ruminant mammals

(67)

, noting similarities

between dogs and humans, with estimates of nitrogen absorption up to 50% in dogs. This
information suggests colonic microbiota involvement in protein digestion. It should be
noted that disagreement between previous work may reflect use of different study
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models, and measurement techniques applied. Currently, no data exists for effects of high
protein diets to regional colonic microbiota in healthy individuals, or the influence of
such diets on microbiota along the large intestine.

Experimental models for studying microbiota

Many avenues exist for studying microbial communities. These systems range
from simple in vitro applications of cell lines and complex bioreactor models, in vivo use
of animal models, and complex human trials. While human studies offer insight into the
interaction and/or development of the microbiota with a human host, they are often
plagued by the unique variations in microbiota structure which exists between subjects (16,
19)

. Sample size affects many studies which assess microbiota in healthy individuals, as

this often requires subjects to evacuate and preserve samples relatively quickly, comply
with study parameters, and have access to research facilities. Another limitation which
plagues many studies interrogating intestinal microbiota, is the sample source. Since the
intestinal tract is an internal organ system, there is limited access to this environment.
Fecal material has become the predominant source for intestinal microbiota. Collection of
material from the proximal intestine is a very invasive process and reserved for necessary
medical procedures (esophagogastroduodenoscopy, colonoscopy, surgery, etc.). While
fecal samples are recognized as a good representation for the distal colon, they are ill
suited to represent the microbial population structure and activity in the proximal colon.
Although variability between individuals plagues human studies, animal and in vitro
models facilitate the control of environmental variables, decreasing chances for
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randomness in study implementation. Mice are an attractive model system, as they breed
relatively quickly, produce many offspring (large group size), and can allow researchers
to complete a study in relatively short periods of time. Researchers are also able to
control environment, chow, and control light/dark cycles

(2)

. Whereas models based on

living organisms provide much insight into associations and communication between
microbiota and host, they are limited in the ability to perform mechanistic and
community isolated studies, are high in cost, and still contain physiological variability.
Biofermentation systems have been in place for some time and are regarded as suitable
models as they reduce these limitations (68-72).
Multiple biofermentation systems have been employed to study gut microbiota,
ranging from single vessel batch cultures to complex multi-vessel reactors (66, 69-75). Many
of these systems are designed to interrogate the microbiota of the large intestine, while a
few attempt to include small intestinal communities as well. The majority of works
utilizing biofermentation systems have focused on basic understanding of microbiota,
pre- and probiotic supplementation, and acute infections (68).
Biofermentation systems, while offering many research benefits, also possess
specific limitations. Reproducibility of results from biofermentation experiments requires
strict protocols and parameters

(68)

. Lack of mucosal layers, colonic cells, modeling

metabolite absorption, and predicting host responses remain as large limitations of
biofermentation models (68). It should be noted that the goal of biofermentation systems is
not to replicate the human intestinal environment, but rather; to establish and maintain
stable communities under consistent environmental conditions and significantly reducing
variability. As such, systems in prominent use are described below.
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Custom Three Vessel Anaerobic System (Gibson reactor)

Gibson, Cummings and Macfarlane (1988) designed a three vessel system
originally, to determine the affect of methanogenesis and sulfate reduction in gut
microbiota. This system was further developed to model retention and metabolism of the
human colonic microbiota (70, 71). In fact, this singular work was done in conjunction with
another study involving human sudden death victims and has become a basis for the
construction and validation of many custom in vitro gut simulator (IGS) systems (65, 69-72,
76-84)

. This system utilizes three vessels to model the human colon with each vessel

containing ports for sampling, headspace flushing, pH measurement and control, and
vessel content transfer. Vessel pH is controlled for acidic conditions using NaOH
addition via automatic pH controlling pumps. Temperature is controlled via water jacket
apparatus attached to a monitoring water bath. Medium is actively transferred from the
reservoir into the first vessel at which point medium is only transferred serially into the
second and third vessels via overflow. The medium reservoir is directly sparged with O2free N2 and as such medium is removed from the reservoir via a port on the lower edge
of the reservoir. IGS vessels are kept anaerobic via sparging of the headspace with O2free CO2. The main advantage this system employs over other IGS models is its use of
overflow for transferring vessel contents from the proximal to waste vessel. This ensures
that vessel volumes will always be constant, and only requires one pump between the
medium reservoir and proximal vessel. This system also employs an ingenious method to
ensure pressure within the system does not build up via an outgas filter fitted to the
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medium inlet for each vessel. The downside to this system is that vessel volumes cannot
be changed, given the built-in weirs for medium transfer. This system also must always
be set up in a position of cascade to allow medium transfer between vessels owing to
placement of the weirs and medium inlets between vessels (71). As such, this system is not
dynamic and cannot be modified from its initial design.

Simulator of Human Intestinal Microbial Ecology (SHIME)

The SHIME system was developed and reported in the early 1990’s (69). It
employs 5 vessels modeling the small intestine through colon. The first vessel is fed a
nutrient medium in conjunction with a pancreatic acetone/bicarbonate solution, which is
subsequently fed into the proceeding vessels in series. Each vessel contains ports to allow
for nutrient transfer, pH measurement and control, liquid and headspace sampling, and
headspace flushing. Vessel volumes were derived from Cummings and Macfarlane
(1991) who assessed many aspects of the human gut environment of sudden death
victims

(85)

. The SHIME system has been employed in a variety of studies, mainly

assessing the affects of probiotic polysaccharides to gut microbiota

(17, 79, 86-91)

. In

conjunction with these nutrition studies, the SHIME system has also significantly
advanced our understanding of the gut microbiota interactions with the gut anatomy., It
highlights the importance of mucosal layers as attachment and colonization sites versus
just a source of nutrition. The SHIME system has also verified selective pressures of
spatial conditions within the gut where Bacteroides members respond positively to the
acidic proximal colon versus the increasing pH in the transverse and distal colons. The
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SHIME system excels in its increased number of vessels and incorporation of a small
intestinal environment and secretions. However, this increased size may lead to larger
operational costs, and a lack of temperature measurement could result in unseen
fluctuations, compared to other system designs.

TNO Gastro-Intestinal Model

The commercial TNO Gastro-Intestinal Model (TIM) is most likely the most
advanced system in current use

(92)

. Designed by TNO Nutrition and Food Research

Institute, the TNO system is really a pairing of two subsystems the TIM-1 and TIM-2.
TIM-1 is designed to model compartments within the stomach and small intestine, while
the TIM-2 is designed to model the proximal colon. It is a small fluidics system which is
capable of quick turnarounds and quick sampling/data collection. It is fully computer
controlled and while it shares many of its environmental parameters with other systems
(69-71)

, it adds levels of complexity which are impossible to control without the use of

computer assistance

(93)

. For instance, the transfer of nutrients between individual

sections is controlled via pressures response valves which can be opened and closed as
desired. This system also incorporates the ability to model absorption of water soluble
metabolites via dialysis membranes which can be opened at will to allow dialysate
passage and metabolite collection. The TIM system has been employed in a variety of
nutritional studies

(92, 94, 95)

. While this system is a fascinating model and illustrates the

complexity that can be designed into an IGS system, its main drawback is the lack of
availability to outside groups.
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These systems are the most widely known complex IGS systems in use for
studying the microbial ecology to the human gut, however other smaller systems have
also been developed for specific purposes including modeling specific aspects of small
intestinal ecology, short term absorption
regions

(78)

, and batch cultures modeling single colonic

(73, 77)

. These systems are advantageous in their relative simplicity and short run-

time (<48 hrs), but do not offer the level of sophistication in experimental design and
application as biofermentation systems.
It is widely known that the human diet has drastic and potentially long lasting
effects on health (obesity, cardiovascular disease, atherosclerosis, diabetes mellitus type2, metabolic syndrome, non-alcoholic fatty liver disease, malnutrition, renal failure,
weight loss)

(2)

. Recently, the gut microbiota is of increasing interest due to its role in

metabolism of human diet. Currently gaps exist in our knowledge of microbiota
responses to short term changes in dietary carbohydrates, proteins, or lipids in the diet;
specific activities and responses of microbiota solely to diet; and whether the gut
microbiota is capable if directly utilizing dietary fats as an energy source. This present
work was undertaken to i) create an in vitro system which allows the isolation of
microbiota to model host independent responses to external stimuli, ii) to ascertain
which members of the gut microbiota are capable of utilizing known dietary fatty
acids for growth, and iii) to assess gut microbiota responses to short-term changes in
dietary carbohydrates, proteins, and fats in human diets.
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II. Materials and Methods
Human Gut Simulator system design
A three vessel in vitro human gut simulator (HGS) was constructed n to model
steady environmental conditions found through the human colon (Figure 1). Temperature
(37oC) and agitation (60 rpm) are controlled via Isotemp hot/stir plate (Thermo

Figure 1: Diagram of Human Gut Simulator (HGS) system. The HGS consists of
three linked fermentation vessels fed by a medium reservoir and emptying into a
waste flask. Medium is transferred through the system via peristaltic transfer
pumps. Temperature is controlled by hotplate/stirrers with immersion temperature
probes; agitation is also controlled via hotplate/stirrer. pH is controlled for through
pH metering pump with immersion pH probe and NaOH solution. Atmosphere is
kept oxygen free through nitrogen and carbon dioxide flushing of headspace. All
vessels contain pressure relief valves which keep internal pressure below 3psi.
Sampling is made possible via attached syringe.
Scientific). The pH (6.0, 6.5, 7.0) is controlled automatically using Etatron pH metering
pump (Cole Parmer Inc.) and 0.5 M NaOH. Medium transfer rate was set to 0.34 ml min-1
which resulted in a system retention time of 72 hours, which closely resembles average
transit within the human colon (96-99). Vessel volumes (0.5 L, 0.6 L, 0.6 L) are maintained
through active replenishment using Flexflow peristaltic pumps (Cole Parmer Inc.).
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Anaerobic atmosphere is maintained through daily sparging of vessel headspace with
nitrogen and carbon dioxide gases. Fermentation vessels are equipped with syringe
adaptors, which enable direct sampling from each vessel, allowing regional specific
assessment.
Fecal slurry preparation for HGS studies
Freshly collected fecal material was immediately transferred to an anoxic box,
under O2-free nitrogen, and kept on ice for slurry preparation. Briefly, 5 g of fecal
material (single donor, or 5 g of homogenized fecal material from a multiple donor pool)
were weighed into 50 ml falcon tubes. Anaerobic PBS was added to 50 ml and the slurry
was mixed via vortexing (1 min) and frozen at -70oC until being seeded into the HGS.
Pooling of multiple donors involved combining equal weight of each fecal collection and
homogenizing via hand mixing.
HGS sample collection and preparation
Samples were taken from each vessel using 20 ml luer-lok syringes according to
project specific sampling pans. This sampling regime allowed the determination of region
specific and longitudinal changes to community structure. Briefly, samples were drawn
into the syringe and aliquoted into sterile 2 ml microcentrifuge tubes for 16S sequencing
(4 x 2 ml), cell count (1 x 1 ml), and others. Sequencing samples were centrifuged at 4oC,
14,000 x g, for 5 mins. The supernatant was decanted from sequencing samples. All
samples were then frozen at -70oC until analysis.
Cytometric cell analysis via phase contrast microscopy
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HGS samples (1 ml) were used for direct cell counting using Bright-line
hemocytometer (American Optic) viewed on a Nikon Alphaphot-2 light microscope with
a 40X objective lens and phase contrast-2 filter. Collected samples were diluted to ensure
individual grid counts between 50 - 180 cells. Once loaded into the hemocytometer and
placed on the microscope platform, cells were counted using the middle grid (5 x 5) of
the counting field. Cell density was determined by calculating the average number of
cells per grid through averaging counts from each counted corner grid. The average was
then converted to represent the total number of cells within this middle grid, which has a
volume of 1 μl. Final density calculation encompassed reversing dilution effect and
converting this number of cells to 1ml, resulting in cells per milliliter.
Terminal restriction fragment length polymorphism (TRFLP)
16S rRNA gene was amplified similar to previous studies
AGRGTTYGATYMTGGCTCAG-3']

and

(16)

; Amp-27Fv4 [5'-

Univ-1492Rv1

[5'-

GGHTACCTTGTTACGACTT-3'] were fluorescently labeled with 6-FAM (Amp-27Fv4)
and 5-HEX (Univ-1492Rv1).

Following amplification, three reactions were pooled

together and subjected to restriction endonuclease digestion by HaeIII and RsaI (New
England Biolabs). Digestion was performed according to manufacturer’s directions at
37oC for four hours followed by enzyme inactivation at 80oC for 20 min. The restriction
digest produced fragments of different sizes, fluorescently labeled at one end. Restriction
digests were checked on 1.5% agarose gel, for quality and to ensure appropriate amount
for genotyping. Restriction digests were prepared for genotyping by mixing 40 ng of
digested sample with 8 µL of formamide. Following preparation, samples were shipped
to the DNA Analysis Facility at Yale University, for processing of TRFLP samples.
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Samples were run on a 3730x Capillary Sequencer employing ROX500 internal standard
for fragment size determination. Raw fragmentation files were uploaded to Peakscanner
software (Applied Biosystems) for fragment sizing and labeling. In order to compare the
similarity of fragment profiles, labeled and sized fragment data were exported from
Peakscanner to Microsoft Excel.
Isolation of genomic DNA from HGS samples and high throughput sequencing
Two milliliters of vessel contents were aspirated from each HGS vessel and
pelleted before being stored at -80oC until analysis. Bacterial gDNA was isolated using
ZR Fungal/Bacterial DNA MiniPrep kit (Zymo Research) according to the
manufacturers’ protocol. gDNA was amplified using two pairs of fusion primers targeting
16S rDNA V1V2 [AGRGTTYGATYMTGGCTCAG] and V4 [GCCAGCMGCCGCGG]
variable regions. Forward fusion primers contained Ion Torrent P1 adapter sequence, 6-7
nucleotide barcode sequence, and variable region specific primer. Reverse primer
sequences

(V1V2

[GCWGCCWCCCGTAGGWGT],

V4

[GGACTACHVGGGTWTCTAAT]) included the adapter A and variable region specific
DNA sequences, but lacked barcodes. Polymerase chain reaction (PCR) was performed
as previously described

(16, 100, 101)

with the following modifications; the initial 10 cycles

consisted of linear elongation using only the forward primers. Following linear
elongation, the reverse primer was added to each reaction and traditional exponential
PCR was carried out for an additional 25 cycles by first incubating reactions at 95oC for 2
min, followed by 95oC for 30 s, 55oC for 30 s, and 72oC for 90 s for each cycle.
Following PCR cycles samples were elongated fat 72oC for an additional 10 mins.
Amplicons were purified using Qiagen Qiaquick PCR purification kit according to the
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manufacturer’s instructions. Amplicon purity and yield were verified using Qubit 2.0
fluorometer. Purified amplicons were pooled equimolarly and prepared for Ion Torrent
sequencing using standard Ion Torrent 400bp library preparation and sequencing kit,
according to the included protocol.
Sequence processing, annotation, and 16S adjustment
Sequencing reads were filtered in QIIME, followed by OTU selection via Open
Reference method. Reference sequences underwent final OTU annotation using RDP’s
16S classifier tool. Genera which were classified at a confidence below 60% were labeled
“Unassigned”. Reads were adjusted for 16S copy numbers using copy number estimates
from rrnDB (102) in a set of Excel templates embedded with custom Visual Basic macros
to adjust reads cells by 16S copy number.
Human diet design, fecal sample collection and preparation for nutrition intervention
Healthy adult volunteers from Wright State University (n = 6, age range 23-29
years, average = 24.7 years, BMI = 22.0 ± 3.4, males = 3, females = 3) were enrolled in
the study and reported no gastrointestinal distress or antibiotic usage within three months
prior to study start. Individuals self reported eating habits for 7 days (energy range 17012805 kCal, average = 2064.4 kCal, percent energy range of carbohydrates, proteins, and
fats was 45%-65%, 10%-35%, and 20%-35%, averages = 49%, 15%, and 33%,
respectively, three individuals had 3%-8% alcohol contribution), that was used as a
baseline diet. Test diets were designed with the help of a registered and licensed dietician.
These diets replaced the normal diet to accommodate more from each category
macronutrient; high carbohydrate (68%, 14% and 18%), high fat (20%, 13%, and 67%),
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and high protein (23%, 53%, and 25%). Fresh fecal samples were collected on days 5 and
7 of each diet, immediately homogenized, and stored at -70oC until analyzed (16, 103).
gDNA isolation from fecal material
Total bacterial gDNA was isolated from 150 mg of fecal material or single HGS
pellet using ZR Fecal DNA Isolation kit (Zymo Research) according to the
manufacturer’s protocol. gDNA quality and yield were verified using 1% agarose gel
electrophoresis and Nanodrop 1000 A260/280 ratios.
16S rDNA amplification for microarray analysis
Extracted bacterial gDNA was enriched for 16S rRNA gene through PCR as
previously described (16, 100). Briefly, phylogenetically conserved primers Amp-27Fv4 [5'AGRGTTYGATYMTGGCTCAG-3']

and

Univ-1492Rv1

[5'-

GGHTACCTTGTTACGACTT-3'] were used to amplify the 16S rRNA gene. 25 ng of
starting gDNA material was used for each individual PCR reaction. Taq 2X MM (New
England Biolabs) was combined with gDNA and primers in a 50 μl reaction volume.
PCR amplification was carried out by first incubating reactions at 95oC for 2 min,
followed by 95oC for 30 secs, 55oC for 30 secs, and 72oC for 90 secs cycled 25 times. A
final step of 72oC for 10 mins was also included. Replicate (4) PCR reactions were
pooled and purified on a Qiaquick PCR purification column. Purified 16S rDNA was
checked for quality and yield using 1% agarose gel electrophoresis and Nanodrop 1000
A260/280 ratios.
Microarray preparation and processing
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Purified 16S rDNA (1800ng) was fragmented using DNase 1 (0.04U/μl) (New
England Biolabs) in the presence of 10 mM Trish-HCl, 2.5 mM MgCl2, and 0.5mM
CaCl2. 16S rDNA fragmentation reaction was carried out at 37oC for 10 mins followed
by enzyme inactivation at 98oC for 10 mins. Successful fragmentation was verified using
polyacrylamide gel electrophoresis. Fragmented 16S rDNA was end-labeled with biotin.
Hybridization, washing, and analysis of microarrays was carried out as previously
reported (16, 101, 103).
Statistical Methods:
Pearson correlation was performed between paired timepoints utilizing combined
forward and reverse TRFLP fragment profiles using Excels built in correlation function
to determine similarity between microbiota compositions during HGS validation.
Principal components analysis was performed in MATLAB on genus relative abundances
using a custom script developed in the lab to assess to ascertain whether samples
collected during dietary interventions ordinate according to the consumed diet. UniFrac
and principal coordinates analyses were performed using QIIME’s built in scripts using
genus abundances for Specific Aim 2; for Specific Aim 3 phylo-type signal and
phylogenetic

tree

were

uploaded

to

the

Fast

UniFrac

server

(http://128.138.212.43/fastunifrac//). Canonical correspondence (CCA), analysis of
variance (ANOVA), and principal response curves (PRC) analyses were performed on
genus abundances in R using scripts available as part of the “vegan” package. These
analyses were undertaken to determine the contribution of HGS media, vessel, and
replicate environmental variables to variance observed within datapoints for Specific Aim
2. Mann-Whitney U test was performed in Matlab on taxa abundance profiles to
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determine whether populations changes significantly during dietary shifts. Statistical
significance was determined at p-value <0.05.
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III. Specific Aims
Specific Aim 1: Design and construction of a Human Gut Simulator to model gut
microbiota

Rationale
In vitro models have been employed to study the ecology of human gut
microbiota for over 2 decades (70). While the advantages of using these systems have been
explained (93), this approach has been used infrequently use compared to intact animal and
human systems. The most likely explanation is the complexity in both design and
validation of such models. In addition, there is a concern over the biological relevance of
data obtained from utilizing these systems. Currently, few custom built IGS systems are
in use

(69-71, 92)

. The lack of broader application is related to the complexity in design,

configuration, and complexity of such models. IGS currently in use range in these aspects
from large scaled simple designs (3-vessel, overflow transition) to more complex models
(5-vessel, stomach  small  large intestine) to small fluidic, computer controlled
systems (TIM-1 and TIM-2) (69, 71, 92). Some of the main benefits for using IGS models to
study the gut microbiota include the ability to model individual gastrointestinal
environments and control for environmental variables, perform mechanistic studies, and
isolate the microbial component of the human gut.
In order to design and build the Human Gut Simulator (HGS), it was important to
replicate the gut environment as closely as possible. This involved accurate control of
pH, temperature, vessel volume, nutrient transfer between vessels (i.e. turnover rate),
mixing of vessel (bolus) contents, atmosphere, and media nutrients (diet).
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HGS vessel construction

Design challenge
Many commercially available biofermentation systems were considered as
potential options for the HGS, however these were all eventually ruled out for not
meeting space, flexibility, cost, or modular requirements. Additionally, many of these
fermentation systems are not capable of being coupled together for a complete GI model,
nor do the sampling capabilities allow for ad libitum sampling. Therefore, since no
commercial options existed, it was determined that a custom system was required.
All HGS components needed to be autoclavable to ensure that the system could
be adequately sterilized, yet be modular and allow for expansion dependent on
experimental conditions. Requirements included i) vessels made from borosilicate glass
ii) vessel design that facilitated multiple connections or ports, iii) PVC tubing or other
equivalent non-reactive polymer, flexible and sturdy enough to allow bending and
manipulation, while also resisting the shear stresses employed by transferring volume
between vessels, iv) temperature control, v) real time monitoring and regulation of pH,
and vi) peripheral sampling apparatus which could be sealed and secured to each vessel
ensuring no oxygen or outside contaminant would invade the system. In order to
maximize the dynamic applications of the HGS, each vessel required the capacity to host
multiple connections and ports.

Results
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Bellco Glass offers custom blown glass and machined stainless steel components
for designing and building batch culture units. It was decided to use a basic fermentation
vessel (Bellco Glass) with four angled openings (side arms); allowed for the maximum
possible connections without the need to replace the vessel at a later date should the HGS
be expanded. Each HGS vessel was then designed to maintain five different cap variants;
each sidearm having a unique cap to facilitate medium addition and removal, pH
(acid/base) solution addition, and sampling and mucin addition, and a vessel cap with
ports for pH and temperature probes, and fitting of a one-way gated pressure valve to
ensure that the system does not build up too much positive pressure. One of the side arms
was sealed off, which allows expansion should more connections need to be added (i.e.
modeling metabolite absorption via dialysis membrane tubing, expanding system size to
incorporate specific small intestine of stomach compartments).

pH modulation
Design challenge
Microbial fermentation in the human gut creates many classes of metabolites,
including short chain fatty acids (SCFAs). The accumulation of these SCFAs in the
proximal colon results in lowering of local pH, as carbohydrate supply decreases along
the colon less SCFAs are produced; this, in conjunction with bicarbonate and Na+/H+
pumps helps maintain spatial specific pH throughout the intestinal tract (104).
Results
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To model this process in vitro, diaphragmatic pumps were connected to pH
probes inserted into each HGS vessel and immersed in the culture medium. The
pump/probe combination is able to measure changes in pH as small as 0.01 and, if
desired, automatically correct pH through delivery of either acid or base (depending on
the need). During initial tests, the pH solution was delivered to vessels at high velocity,
splashing the medium within the vessel, and potentially resulting in localized pH shocks,
disrupting the resident microbiota. This high velocity of pH solution also created a
concern that if the pH solution came into contact with the metal fittings within the vessel,
it would cause corrosion and deterioration of those fittings, decreasing the life of the
HGS. As such, the flow velocity into each vessel had to be decreased. Multiple
approaches were tested to reduce acid/base solution flow. Initially the pH tubing was
connected to larger diameter tubing which had increased flexibility. This larger tubing
was then fitted to a stopcock valve which could be closed off to decrease the volume of
acid/base solution passing through the valve. This approach however, resulted in a
massive increase in pressure behind the valve, randomly exceeding the ability of the
tubing-stopcock seal to hold, rupturing the pH lines and ultimately ruining the
experiment. The second approach forewent the idea of decreasing flow by blocking the
line and approached the issue with the idea of diverting some of the flow back to the
source. A Y-connection was introduced into the pH line so that as the pump engaged, a
portion of the flow would be added to the vessel and the remaining volume would be
pumped back to the pH reservoir. This method proved unreliable however, because as the
volume of pH solution being diverted back to the pH reservoir increased, it eventually
pulled the rest of the acid/base solution in the pH line back to the reservoir. Thus, the
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reservoir had to be refilled the next time the pump engaged. This process resulted in
periods where the pump engaged, but was unable to deliver enough acid/base solution to
correct the vessel pH before the built in fail-safe was initiated and disengaged the pump;
as such, the vessel pH would continue to progress away from the target value. Ultimately
the pressure and flow coming into each vessel was able to be reduced via pairing larger
diameter tubing fitted with a clamp. The success of this method relies on the ability of the
larger diameter flexible tubing to absorb the pressure of the pumping liquid upstream of
the clamp, pairing this with barbed connections and zip-tie clamping around the barbs
which ensured that no leaks would arise at any of the tubing junctions. The velocity at
which the acid/base solution would be added to each vessel could now be precisely
controlled by tightening and loosening the clamp on each pH line. Multiple tests via
pumping water highlighted this method as reliable, leak free, and rugged.
Since pH control is primarily dependent upon the sensitivity of the pH probe, each
probe was independently validated. Before use, each probe was calibrated via two-point
method that ensured all probes performed to maximum efficiency every time. In order to
validate that pH probes and pumps would accurately monitor pH and administer titration
solution as needed; two probe/pumps were connected to acidic solutions (pH 1.75), and
either corrected to pH 3 with 2M NaOH solution (pump 1, solution 1) or water (pump 2,
solution 2). The pH probes registered the pH of each solution to the pump, which
engaged and administered the 2M NaOH solution or water, until the target value was
reached at which point the pump should stop. The pump for solution 2 was unable to
correct pH during the time it took solution 1 to correct. Additional pumping of water still
did not raise the pH in solution 2. The pH probe from solution 2 was immersed into
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solution 1 and its pump immediately registered similar pH. This process was repeated,
raising the target pH and comparing both probe/pumps for pH correction. At some point
solution 1 pH increased to >10 as the concentration of OH- ions increased beyond H+. At
this point solution 1 was re-acidified and the process repeated until pH overshot the
target. In all cases the pH pump for solution 1 was capable of correcting solution pH to
target, while solution 2 was unable to do so, both probes registered similar pH values for
solution 1. These results verified that the pH probe and pump combination adequately
regulated pH. (Table 1, Figure 2)
Table 1. Validation of pH probes and pumps for HGS pH regulation. Acidic
solutions were corrected for pH using either NaOH (Probe/pump 1) or water
(Probe/pump 2). The second probe was placed in the first solution to verify pH
(parentheses) and keep pump 2 from continuing to add water to solution 2.
NaOH addition
Water addition
pH target
Recorded pH
Recorded pH
3.05
1.75 (3.07)
3
4.01
1.77 (4.04)
4
10.27
1.77 (10.33)
5
Acidify solution to pH 2.1
4.10
1.77 (4.17)
4
5.06
1.77 (5.11)
5
11.49
1.77 (11.55)
6
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Figure 2. Workflow for the validation of Human Gut Simulator components, as
explained in test, Aim 1.

Peristalsis and nutrient transfer
Design challenge
Food is transferred through the gastrointestinal tract via peristaltic action. Transit
through the human gut is incredibly sensitive and influenced by many endogenous
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factors, including bolus consistency, immune status, inflammation, host physical state,
and diet

(96-99, 105).

Transit time can be reflective of host metabolic states, where short

transit and watery stool may reflect incomplete fermentation and malabsorption (i.e.
diarrhea) while increased transit time may suggest increased fermentation and absorption
(constipation). These two phenomena may not be reflective of host health but merely
correlate to the particular diet the host consumes (i.e. plant fiber and high water content
foods may decrease transit time while fatty and dry food may increase). Presence of gases
produced in the GI tract can also increase (methane) or decrease (hydrogen) colonic
transit time (106, 107).
Results
To model colonic transit each vessel was designed to be isovolumetric,
maintaining constant volume. Since the transverse and distal regions of the gut maintain a
higher volume, the proximal vessel became the limiting factor. Estimation of vessel
volumes were obtained from previously published literature, specifically from the
SHIME system. The SHIME system employs volumes of 1000 ml, 1600 ml, and 1200 ml
for the proximal, transverse, and distal regions respectively. Since HGS vessels had an
operating volume limit of 1000 ml, these volumes were too great. Reducing volumes by
half ensured that vessels would house complex communities while maintaining available
headspace. The ample headspace ensured that in the event of any mechanical failures the
resulting increases in volume would not compromise vessel sterility or integrity.
Reducing volumes in IGS systems has already been shown to produce microbiota
compositions that are similar to microbiota compositions from studies profiling distal gut
fecal (92).
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Next, peristaltic pumps were tested for nutrient transfer through the complete
HGS system. Since an active transfer system was designed, engaging pumps to transfer
fresh medium to each vessel prior to removal could result in incomplete fermentation of
substrates in the target vessel. This incomplete fermentation would result in selective
pressures for microbial communities which might result in compositions that resemble
that of the previous vessel. To solve this, pumps were programmed to engage in a reverse
order (waste transfer first, medium reservoir last) ensuring that volume was removed
from each vessel before the vessel was “fed” from the preceding vessel. Lastly,
programming the peristaltic pumps to engage every two hours simulated smooth muscle
contractions responsible for transferring bolus through the human gut.
Following the choice of pumps and a scheme for transferring nutrients between
regions, the complete pumping system required validation to test whether the appropriate
volume was transferred over the desired 24 hour period. It was determined that i) the
HGS would maintain 500 ml, 600 ml, and 600 ml, respectively; within each
vessel/modeled region, and ii) that in order to accurately model an average colonic
transit, each vessels contents would need to be replaced over the course of 24 hours (24 x
3 = 72 hour system transit). This resulted in a daily transfer volume of 500 ml (i.e. the
volume of the proximal vessel). Owing to the transfer rate of the peristaltic pumps,
engaging each pump for approximately 6 minutes and 53 seconds every 120 minutes
should transfer 494 milliliters of volume every 24 hours. Each pump was individually
tested in triplicate using this program. Results from these tests indicated that altogether
the peristaltic pumps transferred 498±6 mls of liquid per day, falling within the
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determined turnover rate. Cycling each pump every two hours also aids in the modeling
of intestinal peristalsis (Table 2, Figure 2).
Table 2. Validation of volume transfer through HGS peristaltic pumps. Pumps were
programmed to pump 500 milliliters of water over 24 hours. Values are provided as
the recorded volumes transferred following each 24 hour period.
Pump 1
Pump 2
Pump 3
Pump 4
498ml
492ml
498ml
499ml
Test 1
504ml
494ml
494ml
499ml
Test 2
500ml
496ml
493ml
498ml
Test 3

Atmosphere regulation
Design challenge
One of the more challenging aspects of studying gut microbiota is the inability to
culture the majority of members due to their sensitivity to oxygen and fastidious and
fragile nature. Intestinal microbe sensitivity to oxygen is reflective of the anaerobic
conditions in the gut. Existing studies of the intestinal environment report an atmosphere
containing nitrogen, carbon dioxide, methane, hydrogen, and residual oxygen (at the
intestinal brush border)

(107)

. Reviewing previous IGS works, most utilized variations of

nitrogen and carbon dioxide gases to replenish the IGS atmosphere up to twice daily.
Hydrogen, methane, and other gases are supplied via microbial fermentation of medium
components. Using these published data, the atmosphere turnover within HGS vessels
was carried out with nitrogen and carbon dioxide gas sparging for 5 and 4 minutes
respectively, twice daily. Nitrogen and carbon dioxide gases were supplied into the HGS
from a common line which was split to allow individual vessel additions, via a tubing
splitter. The utilization of a tube splitter allowed quick valve closure, decreasing pressure
to any single vessel if needed. Splitting the gas in this manner also ensures that no vessel
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experiences a high-pressure increase during sparging and since as is controlled from a
singular source allows efficient shutoff in case of emergency.
Results
Medium anaerobicity was validated through a monoculture test utilizing
commensal Escherichia coli MG1655 in LB broth containing 0.01% resazurin. Resazurin
is sensitive to the presence of oxygen at as little as 1.0%, which makes it a very
applicable indicator of anaerobicity for IGS studies.

Initially the HGS vessel only

maintained the LB/resazurin and sparged with nitrogen and carbon dioxide. Following a
few hours the LB/resazurin still exhibited the characteristic red hue given by resazurin
indicating oxygen presence. E. coli was previously grown from colony in LB broth to
turbidity and subcultured to fresh LB for 5 hours. The resulting culture was diluted in
sterile anaerobic PBS (1:3), and inoculated into the HGS vessel followed by sparging
with nitrogen and carbon dioxide for 1 min. Within a few hours after inoculation with
Escherichia coli the HGS vessel lost the red hue. The vessel was sparged over 48 hours;
twice over 7 hours during daytime; visual inspection of the system revealed anaerobicity
was still maintained. After 48 hours the vessel was opened to the environment and
bleached. The bleaching oxygenated the culture, as evidenced by the immediate return of
the resazurin’s red hue.
Design of robust HGS media
Design challenge
Another aspect of using IGS systems is the composition of the nutrient medium
fed to the system. Independent of experimental design (antibiotic challenge, pro- and syn-
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biotic incorporation, pathogen challenge), a major influence on the fermentation activity
of the seeded microbiota is the medium composition which microbiota encounter in the
gut. As such, a nutrient medium that closely resembles partially metabolized foodstuffs
found in the proximal colon is important to ensure the IGS microbiota is accurately
modeling the microbiota of the colon.
Designing the medium involved; i) investigation of dietary habits including
macronutrient composition, energy intake, and daily nutrient load; ii) comparison of
previous published work to identify common media formulations; and iii)
metabolite/bolus characterization of proximal colon/distal ileum. An extensive literature
search of previous IGS studies found similar media compositions which could be adapted
or modified for the HGS. Few groups were actively publishing works involving the
effects of pre- and pro- biotic compounds on gut microbiota

(108-111)

using IGS systems.

These publications utilized a common source for validation of these starting, or basal
media

(69)

. Further investigation into this common source revealed that the basis for this

widely used medium came from the analysis of gut contents from sudden death victims
(84)

, which satisfies requirements for designing the HGS base medium. Since this medium

had previously been created with results from in vivo gut measurements and was used
extensively in other IGS systems (at times with small modifications), this became the
standard medium for the HGS and inclusive studies.

Results
The basal medium for the HGS system consisted of all major macronutrients
(carbohydrate, protein, fat), ions and cofactors, and vitamins. Ions, cofactors, and
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vitamins amounts were determined by previous IGS works. An oxygen indicator,
resazurin, was also included to ensure that the medium in each vessel became, and
remained anaerobic. The bulk of the HGS base medium was composed of carbohydrates,
proteins, and lipids (in the form of free fatty acids). Carbohydrates included a mixture of
plant and animal derived poly- and mono- saccharides as described (Table 3).
Specifically, the HGS medium incorporates fructose, which is highly prevalent in United
States food sources

(112)

. Fructose does not appear to be as readily absorbed in the small

intestine to the same extent as glucose

(113)

. The main contributors of carbohydrate

components incorporated β-glycoside linkages; as humans lack body endogenous
enzymes to cleave these bonds, they become substrates for colonic microbiota. Although
few monosaccharides from the diet will reach the colon, some may be present as a result
of secretion or low bioavailability. Decreased host metabolism of fructose results in a
higher fructose load for colonic microbiota; which can utilize fructose as an energy
source. Following the incorporation of fructose, the remaining mono- and polysaccharides were included at ratios in agreement with previously published content
(Table 3). Ultimately, a carbohydrate mixture of both plant and animal origins were used
to resemble the composition that the proximal colon microbiota encounters in vivo.
Proteins incorporated in the basal medium included peptone and casein which
have been included in previous IGS studies

(108, 114)

. Since data on specific protein

composition in the gut was unavailable at the time of HGS medium development,
proteins were included in ratios reported in previously published works, while
maintaining the overall protein load of the medium.
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Lipids were included in the basal medium, making it a unique feature of the HGS
medium. Previously published did not include lipids as a major nutrient source. The
absence of lipids in previous works could be a result of: i) canonical belief that dietary
lipids are absorbed completely upstream of the colon; ii) increasing contribution of lipids
to United States diets in recent years; iii) a lack of dietary lipid intake information during
the development of the initial IGS system. Canonical interpretation of lipid metabolism in
humans indicates that lipids are hydrolyzed and absorbed in the duodenum and jejunum
of the small intestine. Regardless of lipid intake, the colon plays an important role in
small intestinal fat absorption as indicated in recent publications highlighting the
incomplete metabolism of lipids in patients undergoing colonic resections

(115, 116)

. Much

of canonical fat metabolism is based thirty year old dietary information, and caused lipids
to be excluded from previous IGS works. As stated, recent dietary surveys exhibit
changes in United States dietary habits which highlight increases in consumption of
dietary fat and carbohydrates

(38, 112)

. Increased dietary fat results in saturation of lipid

absorption in the small intestine allowing fats to escape small intestinal metabolism

(47)

and current dietary trends indicate increased ingestion of longer chain saturated fats

(117,

,

118)

. Similarly increasing the amount of carbohydrate intake can result in inhibition of fat

metabolism

(48)

. As a result of these changing dietary regimes it remains likely that

dietary lipids are incompletely broken down upstream of the proximal colon. Utilizing
recent fat intake data and extrapolating possible absorption rates and efficiencies, the
potential amount of common dietary fatty acids would enter the colon were determined.
This fat content was then included in the HGS medium recipes (Table 3). Based upon
literature, calculations, and updated dietary intake information, the HGS basal medium
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represents an average U.S. diet

(118)

. Lastly, the base of macronutrients for the HGS

medium enables modeling of many different types of niche diets within U.S. society
through small modifications.
The last part of creating the HGS base medium, and its alternatives, was the
distribution of macronutrients to the overall nutrient load of the media. Dietary analysis
review revealed that an average United States diet includes 49%, 15%, 34% energy as
carbohydrates, proteins, and fats respectively. Using the calculated absorption of certain
sub-components and comparing against previous IGS works, amounts of each compound
were determined, depending on the medium used; as shown in Table 3.
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bFAT

bNUT HC

bNUT HP bNUT HF

SHIME

SHIME

SHIME

SHIME

TIM-2

Multi-stage

Multi-stage

Multi-stage

Multi-stage

Single-stage

Single-stage

2010

Single-stage

2011

GMM medium

2003

Single-stage

2005

Single-stage

93

30.5
9.0
21.0
0.0

0.5

6
6
6

6

6

2008

2

287

12
2

1
1

23

0.6
1

0.6

136.2
95.6
40.3
0.0

2.6

0.6

5

2
5
2

10

13.6

0.08
0.0004

0.002
0.4
10
0.4

1
2
1
1.7
0.1
2
2
12
56.2
1.0
1.0
7.3

294.4
287.9
6.5
0.0

2
5
2

0.6

2003

0.6
5
0.6

0.6

0.6

2004

2
5
2

1
1

2

2003

4.7

4.7

1998

1

1998

1

2003

1

2010

1

2004

1

4.7
39.2
4.7

1

2000

3.00

2
4
1

2

2
4.2
1

2

5
1

2
3
1

2

2

1

1
0.4

2

2
0.5

0.4

5
5

2
0.5

0.5

0.4

3
4
5
5

4.5
0.4

0.5

3

4.5
0.4

0.5

3

0.05

0.8

23.5

4.5
0.4

0.8

0.04

3

1
3

4.5
0.4

0.4

3
4
5
5

4
1

3
6
0.9

0.8

0.01

23.5

3

0.4

0.04

0.5
0.001

0.5

0.01

0.5

0.4

4

0.9

0.5

1993

0.50

Updated
Base

3.00

0

1.77

2
0
1

0.75
1.00
0.00
3.00
5.00
1.00
2.00

0.4

0

0.40
0.40
0.00
0.40
1.50
0.50
0.50
0.50
2.00

4
1

2
0
1

0.75
1.00
0.00
3.00
5.00
1.00
2.00
0.25
0.50

1.00
2.50
2.00

0.002
0.5
0.001
0.005
0.01
0.005

1.5

3

3

0.50
2.00

7.00
2.00
7.00

2.00
1.00
0.10
0.50

2
0
2

0.89
0.89
0.00
1.77
4.43
0.89
0.89

1.00
2.50
2.00

2.00
1.00
1.50
0.75

1.25
0.75
1.50
1.00

3

0.45
0.44

2.00
1.00
0.10
0.50

1.75
1.25
2.00
1.30
0.50

4
0
0

1.95
4.00
3.25

0.26

1.25
0.75
1.50
1.00
0.50

3

3.00
1.00
0.10
0.26

1.50
0.74
1.75
1.1
0.50

3.00
1.00

1.50
0.74
1.75
1.15
0.50

1.00

0.01
0.15
0.005
0.5

10
0.01
0.15
0.005
0.5

0.01
0.01
0.45
0.005
2

0.01
0.1

0.01

0.15
0.005
0.5

0.01
0.1

0.008

0.15
0.005
0.5

0.01
0.1

0.004
0.0005

0.04

4.5
1.25
4.5

0.2
0.009
0.5

4.5
1.25
4.5

0.2
0.009
0.5

0.5
4.5

0.20
0.009
0.5

4.5
1.25
4.5

0.2
0.009
0.5

4.5
1.25
4.5

0.20
0.009
0.50

0.008
0.08

4.50
1.00
4.50

2
0.05

4.50
1.00
4.50

2
0.005

4.50
1.00
4.50

0.005

4.50
1.00
4.50

1.5
0.05

4.50
1.00
4.50

1.5
0.05

12.5

0.2
0.01

0.4
0.005

1.5
0.05

1.50
0.05

1.5
0.05

1.50
0.05

2

1.50
0.05

1
2

1.50
0.05

0.001
2

1.50
0.05

0.0025
1
1

1

0.01
1.00

2

0.01
1.00

1

0.01
1.00

17

0.01
1.00

18.7
0.0
0.0
2.7

0.01
1.00

10.6
0.5
0.0
2.7

35.3
1.5
6.5
5.0

7.2
0.0
0.0
2.7

17.1
1.5
6.7
6.0

0.0
4.7
8.3
14.5

12.3
1.5
5.5
4.0

48.2
3.7
8.3
18.5

19.0 16.0
1.5 1.5
5.5 2.5
6.0 6.0

23.5
0.9
6.5
6.0

45.6
6.0
9.8
6.2

49.2
4.7
8.3
18.5

46.3
1.9
2.3
16.7

139.8
7.1
51.0
48.5

45.6
6.0
9.8
6.2

19.0
2.0
5.0
6.0

24.2
0.0
0.0
1.0

19.0
0.0
7.0
6.0

45.9
4.1
7.4
10.2

1.00

0.50

0

Table 3. Composition of media between HGS and previous IGS systems.
System
Source PMID
Year
Amylopectin
Amylose
Arabinogalactan
Cellulose
Guar gum
Inulin
Lignin
Pectin
Starch
Xylan
Cellobiose
Dextrans
Fructose
Glucose
Hemicellulose
Maltose
Casein
Mucin
Peptone
Tryptone
Meat Extract
Yeast Extract
Bile Salts
Pancreatin
Capric acid
Lauric acid
Myristic acid
Palmitic acid
Stearic acid
Oleic acid
Linoleic acid
Biotin
Cysteine
Menadione
Nicotinamide
Pantothenate
Para -aminobenzoic acid
Phylloquinone
ATCC Vitamin Mix (ml)
Thiamin
Vitamin B12
Vitamin K1
CaCl2 * 2H2O
FeSO4 * 7H2O
K2HPO4
KH2PO4
KCl
MgSO4*7H2O
NaCl
ATCC Trace Mineral Mix
NaHCO3
Haemin
NaOH
Resazurin
Tween 80 (ml)
Histidine Hematin Solt. (ml)
Acetic Acid (ml)
Isovaleric Acid (ml)
Propionic Acid (ml)
Butyric Acid (ml)
Noble Agar
Total medium load
Total cabohydrates - beta bonds
Total cabohydrates - alpha bonds
Total proteins
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Temperature regulation
Design challenge
The human body is maintained at a temperature of 37oC. Changes to the internal
body temperature can influence gut microbes (i.e. fever, local inflammation). To model
homeostatic microbiota, an IGS system must be able to consistently maintain vessel
temperatures of 37oC. Many hotplates are capable of heating within this range however
have no mechanism of registering internal temperatures and rely on surface temperatures,
whereas those that have connections for probes contain probes which are not
autoclavable, or fit within the HGS vessel ports.
Results
Temperature control was performed by inserting an autoclavable thermometer
which connected to the hot/stirplates housing the vessels. The connection allowed for
temperature feedback from within the HGS volumes. This is more advantageous than
using non-connected hot/stirplates as the user is only able to reliably record the surface
temperature of the plate, and not internal temperature of the volume inside. To validate
the use of the connected hotplates for the HGS, solutions were heated within an HGS
vessel using the probe-hotplate combination to 30oC and maintained for several hours.
An additional thermometer was used to independently measure solution temperatures.
Once the temperature was stabilized and maintained it was increased to 40oC to monitor
probe sensitivity and the desired temperature was maintained (Table 4, Figure 2).
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Table 4. Validation of temperature control for HGS temperature regulation
Target temperature/
Time
Plate
Thermometer
o
30 C
19 oC
23 oC
0 minutes
30 oC
32 oC
60 minutes
30 oC
32 oC
120 minutes
40oC
40 oC
43 oC
180 minutes
40 oC
43 oC
240 minutes
40 oC
43 oC
300 minutes
40 oC
43 oC
360 minutes

Human Gut Simulator validation
Protocol
The HGS system was seeded with a 10% fecal slurry (w/v) and incubated for 12
hours to allow community establishment, before engaging peristaltic pumps as described
above. The HGS was supplied a rich medium for a period of 28 days. Sparging with CO2
and N2, and pH regulation were controlled as described above. Samples were aspirated
from vessels on days 1, 2, 4 and every 4 days thereafter. gDNA was isolated, amplified,
and prepared for TRFLP as explained in Materials and Methods. Pearson correlations
were performed on fragment profiles as described in Material and Methods, with positive
correlations ≥ 0.8 used to indicate a stable community composition.
Results
Cell counts for individual vessels indicated varied population density throughout
the run, however on average the HGS system harbored a microbial density upwards of
2.2x109 cells per ml which is 2 orders of magnitude less than what has been reported for
the human gut (x1011 cells g-1), similar to previous HGS works (2, 91).
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Correlation analysis of terminal restriction-fragment polymorphism (TRFLP)
profiles between time points was employed to assess community composition similarity.
Such analysis would enable assessment of stable conditions, since high correlations
between fragment profiles would indicate similar community composition. As the name
indicates, TRFLP creates nucleotide fragments of the 16S rRNA gene of differing
lengths. By targeting regions of the 16S rRNA gene containing high sequence variability
for endonuclease digestion, the resulting fragment profiles offer more diverse
information. Coupling this with labeled forward and reverse amplification primers
potentially doubles the amount of fragment information produced.
Endonuclease treatment produced an average of 1,112 terminal fragments (1,0871,128, St.Dev. 14.0). Total fragments were presorted, removing fragments whose lengths
were outside the 50-500bp range of the internal ladder. Trimmed fragment profiles
removed approximately 28% of the original fragments (26.2-29.4%, St. Dev. 1.0%).
Since fragments were fluorescently labeled, they produced signal peaks upon passing
across a detector. The resulting signal intensity and width of each peak indicates the
amount of that peak in the sample, or the abundance of that peak to the entire fragment
profile. Peak area offers an accurate measure of fragment abundance as peak height can
saturate the detector causing “peak broadening” in which the height of the peak remains
same with increasing concentrations however the area still proportionally increases

(119)

.

A high proportion of fragments contributed very little to the overall area of the fragment
profile. This large presence of low abundant peaks was due to noise and as such these
low abundant peaks were deleted if the area of each peak contributed less than 0.4% of
the overall profile area. This cutoff threshold was chosen as it allowed the removal of the
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greatest noise without inflicting significant reduction of “true” peaks. Following peak
removal via abundance cutoff, 80% of the original profile area was retained, indicating
the removed peaks to be noise. This abundance cutoff proved to be crucial to the
similarity analysis as inclusion of these low abundant peaks would incorrectly increase
correlations between samples.
Pearson correlation was performed using combined forward and reverse labeled
fragment data between pairwise samples (timepoints). Increasing positive correlation
values between subsequent timepoints indicated community composition trend towards
stability. To confirm the replicability and reliability of TRFLP technique, a single HGS
sample was independently prepared in duplicate and correlation coefficients were
calculated; regardless of fragment type (forward, reverse, combined) Pearson correlation
(Rp) was 0.99-1.00. Correlation coefficients between HGS samples from proximal and
distal vessels supported the initial community flux suggested by cell counts, with
coefficient values fluctuating during the first 8-12 days but gradually increased.
Correlations between samples from the proximal vessel indicated that community
stabilization was achieved by day 12 and maintained (Rp >=0.85) through the end point
(28 days). Distal vessel correlations highlighted stabilization at 14 days compared to 12
days in the proximal vessel, but once stabilization was reached it was maintained through
the end point (Figure 3). Interestingly, the correlations between distal vessel samples
remained higher once community stabilization is reached as compared to correlations
between proximal samples. These results highlight the ability of HGS to harbor a
complex, anaerobic, microbiota for an extended time. Finally, validation procedures were
extended to test the ability of HGS to support the growth of human distal gut microbiota.
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Figure 3. Pearson correlation between TRFLP profiles
from HGS proximal (Vessel 1) and distal (Vessel 3)
samples highlights community stability. Data are
plotted as Pearson correlation (y-axis) coefficient
between single sample timepoints (x-axis). Correlation
coefficients ≥ 0.8 were considered indicator of
community stabilization.

In order to validate the HGS’ ability to harbor colon specific microbiota,
correlation analysis was also performed between HGS samples at 1 day and 28 days,
against microbial community from fecal material from the HGS slurry donor and an
unrelated individual. Pearson correlations between all HGS samples and the fecal donor
material were generally more positive than correlations between HGS samples and the
unrelated individual (Figure 4). The similarity between both proximal and distal
communities against the fecal donor at 1 day were similar (Proximal:Donor = 0.47,
Distal:Donor = 0.45), however after 28 days correlation between distal region and fecal
donor was greater than correlation between proximal region and fecal donor
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(Proximal:Donor = 0.36, Distal:Donor = 0.63, N.S.). Furthermore, the correlations
between HGS samples and the non-donor showed a marked reduction between 1 day
(Proximal:NonDonor = 0.45, Distal:NonDonor = 0.28) and 28 days (Proximal:NonDonor
= 0.15, Distal:NonDonor = 0.13, N.S.). These results highlight the ability of the HGS to
not only harbor region specific communities as evinced by the differences in Pearson
correlations between proximal and distal regions against donor fecal material but also to
model specific microbiota, illustrated via correlations of HGS samples and fecal donor
versus HGS samples and non-donor fecal sample. Together these results show the
validity of the HGS system for gut microbiota studies.

Figure 4. Pearson correlation between TRFLP
fragment profiles of microbiota populations in HGS
proximal (green diamonds) and distal (orange
triangles) vessels after 1 and 28 days, against the fecal
microbiota of the HGS fecal donor (dark shade) and a
random individual (light shade). Following 28 days,
correlations between HGS communities and fecal
community of the donor remained stronger than
correlations between HGS communities and a fecal
community of a random individual.
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Specific aim 1: Discussion
The ecology of the human gut microbiota is estimated to contain upwards of 1000
species, only 20% of which have been cultivated

(2)

. Researchers have bypassed the

fastidious nature of the majority of gut microbiota through the advent of molecular
techniques. Many models exist for studying microbial communities, these systems range
from simple in vitro applications of cell lines and complex bioreactor models, through in
vivo use of animal models, and finally complex human trials. Many studies have recently
acknowledged and discussed the inherent variability in intestinal microbiota communities
between individuals and their effect on human and animal studies

(19, 93, 120, 121)

. Whereas

models based from living organisms provide much power into associations and
communication between microbiota and host, they are limited in the ability to perform
mechanistic and community isolated studies, are high in cost, and still contain
physiological variability. Biofermentation systems have been in place for some time and
are regarded as suitable models as they reduce these limitations (93).
In this work the requirements and process for designing, constructing, and validating a
human gut simulator are addressed. The main concerns and requirements for validating
such a system included vessel construction, the ability to regulate pH, transit, atmosphere,
volume, nutrient composition, temperature, and modeling of appropriate microbiota
structure. A three vessel system was constructed that simulates environmental conditions
found within the human colon, including pH, temperature, volume, and nutrient transit (84,
98, 104)

. Terminal restriction fragment polymorphism profiles from the HGS validation run

indicated that community compositions within HGS vessels stabilized following two
weeks and maintained for the remainder of this run. Since the HGS is seeded from fecal
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material it is likely that the microbiota takes time to respond to the changed conditions
found in HGS vessels from fecal material and fecal slurries (69).
Cell counts were used to observe community viability in the HGS during runs.
Cell counts in indicated that HGS population size in each vessel is smaller than what is
known for human colon (2). The most likely reason for the decreased population density is
the lack of mucosal layer which normally exists on colonocyte apical surfaces and is a
site of colonization and biofilm formation for bacterial communities. Introduction of such
layers can improve cell density by increasing available attachment surfaces for cells

(91)

.

Furthermore, as the only source of mucin supplied was via the medium, it is highly likely
that much of it would be degraded before reaching the transverse or distal vessels. As
such, the HGS protocol was modified to include the addition of 4 grams of mucin to the
transverse and distal vessels each day, matching what was supplied to the proximal vessel
through the medium. Since most of the supplied macronutrients are utilized in the
proximal and transverse regions, distal microbiota is left with little growth supporting
nutrients; a hypothesis that is supported by the lower cell counts from the distal region
and the delayed community composition stabilization. Another benefit of utilizing direct
cell counts is ability to determine absolute community size which can be applied
sequencing reads to determine actual contributions to community composition instead of
relative abundances (122).
The HGS system contains modular components, purposely designed with
uncommitted ports and connections to allow expansion and increased complexity. As
such the system is not limited to its current, unlike systems which have already reached
the extent of their mechanical parameters

(69, 70, 93)

. In other aspects, the HGS system is
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advantageous in its design over previous systems for instance; the active transfer setup of
the HGS enables modeling of different transit times within specific colonic regions
instead of relying on one pump to dictate the entire system transit

(70)

. Similarly the extra

ports incorporated into each HGS vessel also allows the addition of exogenous agents
(i.e. probiotics, antibiotics, nanoparticles) to each vessel as opposed to utilizing single
connections for both agent delivery and sample collection

(70, 71)

. As stated above, all

HGS vessels are supplied mucin, modeling availability of mucin along the colon which
decreases specific selections for gut microbiota members in IGS systems

(90, 91)

. Medium

is also an important factor in microbial composition in IGS systems. The HGS system is
the first system to utilize dietary lipids in the medium. This broader inclusion of nutrients
further increases the ability to harbor are more diverse microbial composition in the HGS.
The HGS has the capacity for increased size and complexity. For instance, while
currently assembled to model the environment in the colon, the HGS can easily be
expanded through the inclusion of more fermentation vessels to model small intestine or
stomach (69). This is arguably the simplest overall change which can be made to the HGS
system. More complex changes are possible to increase the biological and physiological
modeling of the HGS system to intestinal in vivo parameters. For instance, one of the
possible reasons why the HGS harbors a population less dense than what is found in the
human colon is a lack of mucosal attachment sites. Similarly this may allow an increased
representation of gut microbiota

(91)

. Incorporation of a static mucosa can be possible

through mucin agar covered microcosms which are inserted into each vessel and replaced
daily

(91)

. This is a good approach when attempting to increase the diversity of resident

microbiota in each vessel, however will not rectify any decreased cell concentrations as
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microcosms do not produce enough surface area for colonization and need to be replaced
daily. An alternative approach involves the introduction of an agar medium colonization
dish between vessels, connected the medium transfer line. A design of this type would be
easier to incorporate into the HGS system and decrease the risk of contaminating the
system compared to replacement of mucin microcosms. It should be noted, however, that
even an in-line mucin agar dish would not enable increased microbiota population density
because it is not maintained within one of the fermentation vessels and would still require
periodic replacement once saturated (91). Lastly, to increase microbiota density within the
HGS requires an in-vessel mucosal layer. In order to accomplish such a setup, requires
access to within the closed system and a mucosal layer construction which can withstand
autoclaving or long-term immersion within HGS vessels. Currently, the technology does
not exist to create a synthetic mucosal layer which fits these requirements; however with
recent advancements into manufacturing of Teflon membranes it may soon be possible to
implement this type of update to the HGS system.
Absorption of metabolic by- and end products is a key function of the intestinal
physiology

(93)

. So far this has only been modeled in the TNO TIM-2 system

(92)

. The

TIM-2 system employs a series of computer controlled valves which divert system
contents into a compartment containing a dialysis column through which a dialyzate
solution can be pumped and metabolites removed from the system (123). While this system
requires computer control to be operated, a similar approach can be applied to the HGS
system in which a dialysis column can be placed in-line between vessels with a valve
which will redirect flow through the dialysis column when metabolite collection is
desired; a simple addition to the HGS and would not risk any failures or decreased
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performance of the overall HGS system. Alternatively, dialysis tubing can be directly
inserted into each vessel of the HGS system and dialysis solution (PEG, glycerol, saline,
dialyzate mix) pumped through the vessel to collect metabolites. While the second
method allows collection of metabolites directly from each vessel, dialysis tubing can
become brittle if not maintained with a enough moisture which could result in failure of
the tubing/vessel interface and a loss in ability to collect metabolites from the individual
vessels.
To completely replicate the intestinal environment requires the inclusion of
intestinal cells in an IGS system, so far this has only been established in a mico-fluidics
set up modeling host-microbiota interactions on a small scale

(124)

. Implementing this in

the HGS would require a steady supply of intestinal cells, regenerating mucosal layer,
and a means of collecting absorbed metabolites from intestinal cells. Currently this is not
possible on the scale of the HGS, however; as stated advances in Teflon membrane
construction could soon allow a setup of this manner. For instance, a three-dimensional
Teflon membrane tubing could be manufactured to allow insertion into each vessel. A
mixture of intestinal cells, including goblet cells could be seeded into this tubing and
polarized so that the apical surface of each cell attaches the inner tubing wall. This sort of
cell seeding would then better mimic the luminal functions of intestinal cells, allowing
for a more representative model of overall gut microbiota and physiology. In addition to
this immune factors and cell secretions could also be directly administered to each vessel
to simulate this aspect of gut physiology, which would further increase the in vivo
relationships and interactions which exist within the gastrointestinal tract.
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Overall, the HGS system is currently a validated and robust model for assessing
the microbial ecology in the gut. It is capable of harboring and maintaining a complex
microbiota resembling what is found in the human colon for extended periods of time.
The HGS system employs an updated medium recipe which includes constituents of
dietary lipids which is a first for in vitro gut model systems. Lastly, the design of the
HGS system allows for expansion and increased complexity for future studies aimed at
further deciphering gut microbiota and host interactions without need for living hosts.

Specific aim 2: Human gut microbiota rapidly respond to the availability of fats as a
sole energy source as modeled in a Human Gut Simulator

Rationale
The human diet can be divided into three main macronutrients, carbohydrates,
proteins, and lipids, the composition of which has been shown to create changes to the
gut microbiota

(127)

. Recent dietary trends indicate an increased intake of carbohydrates,

which, consequently, can negatively impact lipid digestion

(48)

. Impaired lipid digestion

may result in increased presence of dietary lipids in the intestinal tract. In fact, increased
presence of lipids results in saturation of the human small intestinal lipid absorption
(116, 128)

machinery

. Additionally, increased carbohydrate intake has been linked to

progression of obesity, metabolic syndrome, and other dietary maladies such as type 2
diabetes

(48)

. Individuals suffering from these conditions also harbor altered microbiota

which lacks members known to promote anti-inflammatory responses and are enriched in
members associated with previously mentioned GI distress

(129, 130)

. Dietary lipids that
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escape digestion in the small intestine provide potential fermentation sources to colonic
microbiota; however the specific response of colonic microbiota to dietary lipids has yet
to be extensively explored. An interesting consequence of increased lipids in the
intestinal tract is increased production of bile acids, which demonstrate antibacterial
properties and might exert selective pressures on resident microbiota members (131).
The gut microbiota involvement in human diet is well documented; however most
studies have been carried out in human and animal models (132). While these models excel
in their abilities to uncover interactions of the microbiota and host as a response of diet,
they are incapable of isolating the interaction between the microbiota and diet alone. The
introduction of anaerobic systems and in vitro fermentation models enable researchers to
isolate the microbial component and uncover the significance of microbial involvement
in colonic metabolism. The aforementioned HGS system, designed and validated in the
lab, was employed to model the interaction of the gut microbiota with dietary lipids
escaping digestion in the small intestine. As such, gut microbiota should adapt to being
fed solely lipids; while lipids and bile acids might select for potentially harmful members
of the microbiota independently of host influence.
Protocol
The HGS was seeded with a fecal slurry as described in Materials and Methods.
The seeded microbiota was fed a rich medium (western medium) (75Kcal/day),
representing an average U.S. diet, for two weeks to allow community stabilization.
Following the stabilization period, the medium was switched to a fat only medium
(32Kcal/day) for four weeks (Figure 5, Table 5). The HGS was monitored twice daily to
ensure temperature, pH, volume, and anaerobicity were maintained. Population density
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was measured via cytometric analysis using phase contrast microscopy. Microbiota
composition was measured via next generation sequencing of microbial 16S rRNA gene.
Statistical significance of changes to community composition was defined by a p-value
threshold of <0.05.

Figure 5. Timeline for assessing microbiota responses to dietary fats as sole nutrient
source. The HGS was initially supplied a medium representing an average U.S. diet
(Western) for 14 days until the community composition stabilized. A fat only
medium was then supplied post sampling on day 14, and microbiota again
monitored until stabilization of community composition.
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Table 5. HGS Western and Fat media for HGS nutrition study
Amount (grams/liter)
Western
Fat only
Cysteine
0.50
0.50
CaCl2 * 2H2O
0.20
0.20
FeSO4 * 7H2O
0.009
0.009
K2HPO4
0.50
0.50
KCl
4.50
4.50
MgSO4*7H2O
1.00
1.00
NaCl
4.50
4.50
NaHCO3
1.50
1.50
Resazurin
0.01
0.01
Tween 80
1.00
1.00
Haemin
0.05
0.05
Bile Salts
1.00
1.00
Capric acid
0.26
0.26
Palmitic acid
1.50
1.50
Stearic acid
0.74
0.74
Oleic acid
1.75
1.75
Linoleic acid
1.15
1.15
Pancreatin
0.10
Casein
1.95
Peptone
3.25
Yeast Extract
3.00
3.00
Arabinogalactan
1.77
Fructose
0.45
Cellobiose
0.89
Glucose
0.44
Inulin
0.89
Starch
4.43
Xylan
0.89
Guar gum
0.89
Pectin
1.77
Mucin
4.00
ATCC Vitamin Mix
1.00
1.00
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Results
To determine the effect of common dietary lipids on microbiota population
density bacterial cells were counted every 48hrs using phase contrast microscopy. During
the first two weeks when the HGS was supplied with a rich medium, population density
initially fluctuated within the first 96 hours but stabilized at an average density of 3.0 x
109 cells mL-1 by day six. All vessels exhibited differences to population density
following the change to a fat only medium. The proximal vessel, upon the medium switch
on day 15 responded with a 32% decrease in cell density after 24 hours; however
appeared to recover on day 18. Final proximal population numbers fell below the initial
decrease on day 15 (Figure 6). In the transverse vessel, the population density also
decreased reaching an initial minimum on day 18 (33% decrease of stable community).
Interestingly, the rescue of cell concentration was also evident in the transverse vessel
between days 20 through 24, again decreasing to a final population density similar to that
seen in the proximal vessel (Figure 6). Similarly, distal vessel population dynamics
exhibited the same time-delayed effect in cell loss and recovery, with cell density
reducing by day 18 and recovering by day 24, before gradually decreasing through day
30 and finally stabilizing. All vessels exhibited an overall loss of 42-43% (p<0.01) in cell
density switch from western to fat media (Figure 6).
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Figure 6. Cytometric analysis of HGS community during western and fat
medium. Population density is plotted as cells per milliliter (x109). Similar
population densities were recorded for both replicates (R1-lighter shade, R2darker shade) during western (blue) and fat (red) feeding periods. All vessels
experienced a significant reduction in population size (p<0.01)
Following the observed decrease in microbiota population density, within sample
diversity was assessed for annotated OTUs following the medium shift. Using Shannon’s
H’ alpha diversity measure, the proximal vessel exhibited a decreased alpha diversity
between the western and fat endpoints (5.55  5.37, N.S.), whereas the transverse and
distal vessels both experienced an increase in alpha diversity (5.11  5.54 (p=0.04), and
4.13  5.29 (N.S.), respectively). This is an interesting trend in vessel specific changes
in alpha diversity, since all vessels experience a decrease in the number of present OTUs
between the western and fat endpoints (1757  1199, 1787  1260, and 1463  1144
for proximal (N.S.), transverse (p<0.01), and distal (N.S.) vessels). Conversely, all
vessels exhibited an increase in population evenness, as determined by Simpson’s E
measure (0.029  0.046, 0.011  0.054, 0.006  0.036 for proximal (p=0.03),
transverse (p<0.01), and distal (p<0.01) vessels). Moreover the magnitude of increase in
evenness from proximal to distal vessel increased as well.
Taxonomical assessment of community composition indicated many specific
changes resulting from the medium shift. Generally, abundance decreases were observed
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in all vessels for members of classes Bacteroidia (N.S.), Clostridia (p<0.01), and
Verrucomicrobia (p<0.01). Similarly increased abundances were measured for members
of classes Synergistia (p<0.01), Negativicutes (N.S.), Gammaproteobacteria (p<0.01) and
Deltaproteobacteria (p<0.01) (Figure 7). Each vessel exhibited specific differences in
the microbial community. Bacteroidia class was more abundant in the proximal vessel
versus the distal vessel, a phenomenon that was maintained throughout the run period
(p<0.01). Verrucomicrobia increased in presence across vessels, although this was only
evident under stable conditions and was lost following the medium shift (Figure 7).

Figure 7. Bar graph of class abundances (x109 cells per milliliter) in Proximal
(left panel), Transverse (middle panel) and Distal (right panel) vessels of two
replicates (R1 and R2) during western and fat feeding periods. Fat medium
resulted in decreased community size with notable decreases in Bacteroidia,
Clostridia, and Verrucomicrobiae while Delta and Gammaproteobacteria,
Synergistia, and Negativicutes increased in abundance.
Notable responses in genera abundances

included Akkermansia (class

Verrocumicrobia) which was depleted shortly following the medium change in the
proximal vessel and diminished in the transverse (by 99.4%) and distal vessels (by
99.1%) (Figure 8A). Bacteroides (class Bacteroidia) decreased approximately by 50.9%,
62.2%, and 56.0% in proximal, transverse, and distal vessels, respectively (p<0.01 for
overall change between western and fat). Clostridium XIVa and Roseburia (class
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Clostridia) also negatively responded to the loss of carbohydrates and proteins
(Clostridium XIVa: by 52.8, 48.9, and 45.4 %, p<0.01; Roseburia: by 90.7, 88.9, and
91.6%, p<0.01, respectively; p-values are overall change between western and fat media)
in all vessels. Members belonging to Gammaproteobacteria increased (by 459, 770, and
940%, p<0.01) following the switch to a fat only medium. Similarly, Alistipes and
Bilophila also exhibited increased presence in all vessels, despite the decrease in
population size (by 2,744, 924, 183%, p<0.01 and 242, 613, 1,015%, p<0.01 proximaldistal, respectively; p-values are overall change between western and fat media) (Figure
8B). Many of the other measured 147 genera also exhibited patterns of change following
the medium shift, however with low prominence or consistency. It is possible that
inconsistent changes in many of the microbial members mask responses of genera which
drive compositional change.
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Figure 8. Specific group responses to fat-only medium. (A) Switching from
western to fat only medium resulted in decreased abundance of gut genera
associated with beneficial health effects. (B) Fat-only medium selected for
members of the gut microbiota that have associations with diet induced maladies
and decreased health impacts. Data are plotted as average cells per milliliter of
two replicates ± standard error.

In order to reveal complex patterns of change involving multiple community members
due to change to a fat medium, multivariate ordination analyses were used. Principal
coordinates analysis (PCoA) was used to highlight changes in diversity and community
structure across samples. An advantage of PCoA over similar ordination analyses is its
ability to utilize phylogenetic distances to uncover relationships. The UniFrac metric
interrogates two communities by comparing unique fractions of presence between
communities. Utilizing the phylogenetic distances between members within multiple
communities and assigning weights to each taxa abundance is known as weighted
UniFrac. Conversely, unweighted UniFrac does not apply phylogenetic distance weights,
simply focusing on whether or not taxa are present in each community. Principal
63

coordinates analysis aims to organize overall variance within the high dimensional
dataset, and distill this among lower dimensions

(122)

. Weighted UniFrac based PCoA

indicated specific clustering of samples during the western medium and samples taken
during the fat medium (Figure 9A). Notably, there was a definitive tighter grouping of
western medium samples compared to fat samples. In all vessels the first sampled day
following the medium shift (Vessel 1: Day 15, Vessels 2 and 3: Day 18) clustered closer
to the western samples, with a gradual distancing of samples towards the fat endpoint
(Figure 9A).
Next, in order to determine the extent at which explanatory variables influence the
microbiota response to change in medium, canonical correspondence analysis (CCA) and
analysis of variance were performed. CCA and analysis of variance of the CCA model
indicated that medium type was the major driving force of sample separation (Figure 9B,

Figure 9. Ordination and variance plots of HGS communities during western and
fat media. (A) Unifrac distance-based principal coordinates (PCoA) analysis
highlights specific communities during western (blue) and fat (red) media. PCoA
ordination also illustrates temporal shifts to community structure as seen by Day 15
communities in the proximal vessel (V1) clustering closely with western samples. (B)
Canonical correspondence analysis (CCA) on microbiota abundances from HGS
samples, constrained by medium, replicate, and vessel. Black triangles indicate
explanatory variable centroids. (C) CCA-based analysis of variance highlights
contribution of medium, replicate, and vessel on overall variation within HGS
samples.
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C). HGS replicate was also indicated in CCA analysis as an influence on data variance
(Figure 9B, C), although this influenced communities following the medium shift to a
larger degree when compared to western medium samples. HGS vessel (colonic region)
was the third largest mediator of microbiota response (p<0.01 for all variables) (Figure
9C). Specifically, following the switch from western to fat medium, similarity between
western endpoint microbiota and subsequent fat samples increasingly differed.
Interestingly, regardless of base or fat endpoints, microbiota similarity was still restricted
to vessel specific communities (Figure 9B). This further highlights the ability of the HGS
to harbor and simulate GI region specific communities. Cumulative variation explained
by these constrained variables accounted for 79% of the total variation in the dataset.
Together these analyses support the hypothesis that changes in the medium composition
create significant alterations to the gut microbiota, as well as the idea that gut microbiota
members can utilize dietary lipids as a sole energy source.
PCoA suggested gradual temporal shifts in HGS microbiota, finally stabilizing to
a community that is distinct from that of the western medium conditions. To track
temporal dissimilarity in communities, principal response curves (PRC) analysis was
applied. Using a singular reference point (Day 12) PRC compares community
composition as a function of time and returns the degree of dissimilarity between
community composition of samples and which community members (variables)
contribute to the measured dissimilarity. PRC results highlight the gradual change in
community structure during the high fat period (Figure 10). Moreover, PRC results
illustrate the increased dynamics of change in the proximal and other vessels, where the
magnitude of community change was generally larger than in the proximal vessel (Figure
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10). Genera Escherichia/Shigella, Bilophila, Cloacibacillus, and Citrobacter were
indicated as community drivers during the high fat feeding period in all vessels (positive
weight) (Table 6). Positive vessel-specific weights were assigned to Alistipes (proximal
and transverse), and Enterobacter (transverse and distal). Genera given negative weights
which were reduced or depleted during the fat phase included Akkermansia, Bacteroides,
Lachnospiraceae, Clostridium XIVa, and Dorea in all vessels, while Parabacteroides
(transverse) and Roseburia (proximal and distal) decreases were specific to individual
vessels (Table 6).

Figure 10. Principal response curves comparing similarity of microbiota composition in
Proximal, Transverse, and Distal vessels. Microbiota composition on day 12 was used as
a reference to compare subsequent samples. Following medium change, community
dissimilarity (i.e. changes to community composition) increased in all three vessels
before stabilizing and maintaining the new community composition.
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Table 6. List of top 6 genera based on PRC weights to either drive toward western
or fat composition

Genera driving toward fat
Genera driving toward
composition
western composition
Proximal vessel
Escherichia/Shigella
Bilophila
Alistipes
Citrobacter
Sutterella

3884.6
3803.1
3783.8
3620.9
3563.0

Proteus

3414.9

Bacteroides
Akkermansia
ClostridiumXlVa
Roseburia
Dorea
Lachnospiracea
incertae sedis

-3783.8
-3781.7
-3612.3
-3597.3
-3567.3
-3522.4

Transverse vessel
Escherichia/Shigella
Alistipes
Bilophila
Cloacibacillus

4397.6
4336.6
4265.6
4185.6

Citrobacter

4124.6

Enterobacter

4118.0

Akkermansia
Bacteroides
ClostridiumXlVa
Parabacteroides
Lachnospiracea
incertae sedis
Dorea

-4455.3
-4394.3
-4207.9
-4089.1
-4015.8
-4009.2

Distal vessel
Escherichia/Shigella
Cloacibacillus
Bilophila

5349.2
5200.5
5177.2

Citrobacter

5134.1

Enterobacter
Klebsiella

5091.0
4907.1

Akkermansia
ClostridiumXlVa
Bacteroides
Lachnospiracea
incertae sedis
Dorea
Roseburia

-5427.5
-5282.8
-5274.9
-4887.2
-4820.8
-4660.2

Discussion
The evolution of the human diet includes increased intake in carbohydrates and
dietary fats. This increased intake of carbohydrates has been linked to inhibited lipid
metabolism in humans

(48)

. Incomplete digestion and absorption of lipids in the stomach

and small intestine allows fatty acids to escape into the large intestine where they become
sources of fermentation for colonic microbiota. Recently, in vitro studies have been
undertaken which aim to increase our knowledge of the microbial responses to diet

(69, 71,

92)

. The recently designed and validated HGS system was employed to investigate the
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responses of gut microbiota to dietary long chain fatty acids. These results illustrate a
myriad of interesting reactions of the gut microbiota to fat exclusive conditions. Since the
HGS can be monitored for population size via microscopy true representations of
different groups within the community can be observed, compared to relative
contributions assessed in most studies. According to phase contrast microscopy,
population density in all regions of the HGS system substantially decreased following the
switch to fat exclusive medium. It is well known that many members of the gut
microbiota are adept in liberating energy from carbohydrates. Bacteroides maintain
starch utilization systems which allow this genus to process different type of complex
polysaccharides, while individual species possess unique mechanisms

(43, 44, 133)

. The

decrease in population density most likely results from the different machinery required
to process lipids versus carbohydrates and proteins. Lipid degradation in the gut
microbiota follows a process of anaerobic beta-oxidation which systematically cleaves
two carbons from the fatty acyl-chain to yield cofactors FADH2, NADH, and acetyl-CoA
(134)

. The overall process of lipid metabolism in microbes is complicated, consisting of

active import of free fatty acids, beta-oxidation, and release or storage of intermediates
and end products. Owing to the specialized nature of machinery existent in the gut
microbiota, and the prominent presence of carbohydrates in the human diet, few of the
nascent members of the microbiota may possess the required pathways to break down
fatty acid moieties to usable end products, as indicated for Escherichia and Bilophila
(135)

. Besides the ultimate decrease in population density and community size, there was

an evident ‘rescue’ of community size in each vessel. A possible explanation for this
bump in community size is that as nutrients within the proximal vessel decrease, it sparks
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a decrease in cell size, however as the community adapts cells are transferred
downstream faster than cells are able to replicate. In E. coli the amount of nutrients
influences the size of the cell, as a product of the cells ability to biosynthesize cellular
fatty acids (136). Similarly, both Gram negative and Gram positive cells regulate their cells
in response to nutrient load in the growth environment, in many cases decreasing in size
when available nutrients are low

(137)

. Cell density at the final endpoint following the

medium switch was much lower than the initial stable community, as a likely result of the
inability for many of the microbial members to utilize lipids as a primary nutrient source.
Likewise, the delayed “rescue” observed in the transverse and distal vessels, is caused by
the sequential feeding effect, where “fresh” nutrients in the latter vessels are equivalent to
“waste” products from preceding vessels.
Measuring community alpha diversity within each sample highlighted decreasing
diversity in the proximal vessel while transverse and distal vessel diversity increased;
despite the decrease in population size and density. This is initially thought of as a
counter response to a decrease in the variety of and amount of nutrient load. Further
analysis, assessing evenness (defined by the abundance of different members within a
community) of the community revealed that communities contained more equal
distributions of different members and were less dominated by a few groups, following
the medium shift. Nevertheless, the idea that specialized machinery is required to process
the fatty acids over carbohydrates and proteins, suggests that evenness should decrease in
conjunction with decreased diversity as those unique fatty acid degrading groups should
flourish, which is contrary to the observed trend. It is possible that cells grow slower and
as they have access to less nutrients take a longer time to assert dominance over other
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members of the resident microbiota. Further analyses increasing HGS run times could
elucidate such a pattern. Secondly, intermediates from the breakdown of long chain fatty
acids, or cellular contents from dead cells can become nutrient sources for non-fatty acid
degrading members, allowing them to continue to grow, albeit with less contribution to
the community.
Taxonomical analysis of classes highlights the HGS ability to harbor unique
communities within each vessel, and support the observed decrease in dominance and
increased evenness during fat conditions. First, analyses of stable communities during
western medium feeding highlight a decreasing presence of Bacteroidia from proximal
through distal vessels. Conditions in the large intestine begin with acidic pH in the
proximal region, gradually becoming more basic in the distal region; the acidic
conditions in the proximal colon are primarily driven by fermentation of carbohydrates to
short chain fatty acids. Bacteroidia members maintain a multitude of carbohydrate
utilization machinery and grow better in slightly acidic environments

(65)

. Since the

proximal colon is the primary site for carbohydrate fermentation, driving the maintenance
of acidic pH it supports the findings that Bacteroidia are found in a higher prevalence in
the proximal vessel. Another significant spatial difference could be observed in
Verrucomicrobiae, whose abundance increased distally. The sole member of
Verrucomicrobiae in the HGS community was Akkermansia, a primary degrader of
mucin, which is secreted all along the GI tract. To mimic this, mucin is added daily to
each vessel and any mucin which is passed from proximal to transverse and then
transverse to distal vessel before being completely degraded then adds to the mucin pool
in the receiving vessel, allowing Akkermansia to flourish in the transverse and distal
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vessels. While these results support the validity of the HGS to accurately and adequately
model human gut microbiota, the goal of this study was to ascertain microbial responses
to changing diets, specifically dietary lipids. Verrucomicrobiae class was depleted
following the shift to the fat only medium (p<0.01). The observed depletion of this class
is likely a result of the lack of mucin addition upon the changeover from western to lipid
medium. Mucin is a complex amalgamation of glyco-proteins. Addition of mucin
therefore adds a carbohydrate and protein source to the microbiota; as such it was
removed from the HGS during the lipid period.
Bacteroidia also decreased between following the change to a fat medium
(p=0.01). Bacteroides harbor a myriad of carbohydrate utilization systems, and are also
able to process proteins from the diet (43, 138, 139). Alistipes, another member of Bacteroidia
class, contains enzymes which contribute to preliminary steps in bile salt deconjugation
and beta-oxidation, which can explain why class Bacteroidia is not completely depleted
during the lipid medium feeding (135). Clostridia class also decreased as a result of the loss
in carbohydrates and is in agreement with dietary models of increased fat feeding
(p<0.01)
included

(60)

. Microbiota classes which increased in abundance during the fat feeding

Synergistia

(p<0.01),

Negativicutes

(N.S.),

and

Delta-

and

Gammaproteobacteria (p<0.01 for both classes) compared to stable western populations.
Synergistia has been recently linked to periodontitis and are known proteolytic organisms
(140)

. Members of Negativicutes have been implicated in propionate production through

alternative pathways. Much still remains to be learnt about these microbes and they may
hold further metabolic activity beyond known propionate production mechanisms, given
the degree to which the class increased during the fat feeding period

(141)

. It is also
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possible that as cells in the community die and undergo lysis, the carbohydrates and
proteins released are then absorbed by members of the microbiota for nutrients, keeping
their

numbers

above

the

sequencing

detection

threshold.

Gamma-

and

Deltaproteobacteria were also increased following the change to lipid medium.
Escherichia and Bilophila contain a full complement of enzymes involved in the myriad
of steps to create acyl-CoA and a fatty-acyln-2-CoA, which can be taken back through the
beta-oxidation pathway until the parent molecule is finally completely metabolized to
acetyl-CoA (135).
Ordination analyses highlighted the degree of variation from replicates, vessels
and media. Indeed the largest contributor to variance among sample microbiota was the
difference in media, followed by replicate and vessel. Media as a large driving force
towards difference between samples has been described above with increases in
Escherichia, Bilophila, Alistipes, and Proteus despite decreased community size while
Akkermansia, Bacteroides, Clostridium XIVa, and Roseburia, all decreased (p<0.01 for
all genera). This community shift was evident through principal response curves that
demonstrated increased differences in community composition over time compared to the
western medium end point. The less dynamic pattern of change in the transverse and
distal vessels compared to that seen in the proximal vessel could be attributable to drastic
changes of available nutrients in the proximal vessel as compared to the transverse and
distal vessels. Interestingly, genera that were indicated as drivers of community
composition change during the fat feeding period have been implicated in diet related
morbidities and illnesses. For instance members of Escherichia cause hemorrhagic
conditions in the gut, can increase local inflammation, and increase energy harvest
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resulting in obesity (129, 142). Similarly Bilophila and Alistipes who exhibit bile resistance
and have been observed in obese individuals, members of Alistipes have also been
isolated in appendicitis and colon cancer cases (143); members of genus Proteus are known
intestinal pathogens which have recently been characterized in high fat feeding where
they are associated with obesity (144).
As stated above, Akkermansia is a primary degrader of intestinal mucin, and was
depleted during the fat feeding. The most logical explanation for this is the lack of mucin
addition to the system during the fat period, because it is composed of different
glycoproteins and could add intermediate products of carbohydrate and protein
metabolism to resident microbiota. Nevertheless, reports from human-based studies
indicate decreased abundance of Akkermansia muciniphila in obese individuals and
suggest that this genus has the ability to correct for diet induced inflammation and
metabolic deterioration through administration and increased abundance

(145-147)

.

Roseburia is a known saccharolytic and butyrate producing genus, with members being
able to utilize some complex polysaccharides such as inulin and simple metabolites
(SCFAs) as substrates for growth

(148, 149)

. The lack of such polysaccharides (or SCFAs)

in the fat medium resulted in little to no nutrition sources for Roseburia potentially
causing its decreased abundance. Studies concerning Bacteroides responses during
dietary intervention have reported conflicting results (34, 35). As such, care should be taken
in interpreting these findings without accompanying dietary analyses. The same can be
claimed for Clostridium XIVa and other clostridia, where individual species may possess
unique metabolic machinery but not be present in all individuals microbiota (44, 150).
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Multivariate approaches were employed to verify that separations seen in the data
were a product of nutrition differences and not stochastic. While nutrition was indeed the
largest source of difference between HGS samples, replicate and vessel also contributed
to a degree. This highlights the ability of the HGS system to harbor spatial communities
and is in agreement with previous IGS works indicating unique communities among
vessels (65, 151). The importance of fecal homogenization in fecal slurry preparation is also
suggested with the degree of replicate influence on the included datasets. It is well known
that microbes are not evenly dispersed within fecal material, in fact non homogenized
feces contain ‘pockets’ of different microbial groups

(152)

. As such, complete

homogenization is crucial for ensuring that variability between replicates is low. Fecal
material was homogenized by hand for these works and as the results show, hand
homogenization may be inadequate to produce identical HGS results between runs (i.e.
mass fecal collections to create ‘stocks’ of slurries enabling HGS runs from the ‘same’
source for multiple years). Mechanical homogenization of fecal material may ensure that
the seeding material which is used to colonize the HGS is as robust as the HGS itself.

Specific aim 3: Nutritional intervention in healthy adults results in subtle but specific
changes to gut microbiota

Rationale
The human diet is a multifaceted entity consisting mainly of carbohydrates,
proteins, and lipids. The diet is made even more complex because of the different
amounts and types of carbohydrates, proteins, and fats available for consumption. Many
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studies have been conducted to ascertain the affects of diet on human gut microbiota and
human health

(26, 48, 142, 153-155)

. David et al. assessed short term dietary changes to gut

microbiota in a human cohort

(26)

. The authors found that shifting between a plant based

diet to an animal diet resulted in increased abundance of Bilophila, Alistipes, and
Bacteroides, while changing from an animal based diet to a plant diet increased
polysaccharide degrading Roseburia, Eubacterium, and Ruminococcus (26). Similarly, Wu
et al. assessed the effects of high/low and low/high fiber/fat diets on human subjects over
the course of 10 days

(156)

. They found that members from Bacteroidetes and

Actinobacteria positively associated with fat intake while Firmicutes and Proteobacteria
positively associated with fiber intake (156). Similarly, studies profiling the gut microbiota
of vegetarians and vegans have highlighted specific differences occur in the gut
microbiota of these individuals

(155)

. These studies have employed highly divergent diets

which will more easily select for alterations in the gut microbiota, but may not be a
reflection of actual dietary trends. These studies have not assessed the resilience of the
microbiota, nor have they determined whether individuals respond similarly, to multiple
changes in dietary consumption.
Protocol
Six healthy adult volunteers were enrolled in a seven week study aimed at
determining changes to gut microbiota following changes in diet. To decrease any sudden
shifts to the gut microbiota prior to the start of the study, subjects were directed to eat
their normal diets for two weeks and record the second week of food intake. Following
the initial western week feed in, subjects consumed a diet high in protein (53% of total
energy) for one week. Following the protein diet, subjects were encouraged to resume
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Figure 11. Diet and sampling plan for human nutrition study. Volunteers consumed
their normal diet during the baseline period, followed by intermittent weeks of diets
high in protein, carbohydrates, or fat. In between test diets volunteers consumed
intermission diets of their own choosing. Fecal samples were collected on days 5 and 7 of
each week.
their usual dietary trends, a pattern which was repeated following high carbohydrate
(68%) and high fat (53%) diets (Figure 11, Table 7). Intervention diets were designed by
a registered nutritionist who also maintained contact with subjects, to ensure that
individuals did not suffer any adverse affects (i.e. ketoacidosis on high fat diet). Fecal
samples representing distal gut microbiota were collected from each volunteer on the fifth
and seventh days of each week. Gut microbiota was characterized by interrogation of 16S
rRNA gene via a custom designed phylogenetic Microbiota Array previously employed
to profile distal gut communities

(16, 101)

. This phylogenetic array enables detection and

quantification of 775 different bacterial phyla-species from the human gut microbiota.
Table 7. Diet composition of volunteers (Vol.) during intervention study. Diets are
tabulated as percent total energy. Individuals recorded normal diets leading up to
study (Baseline) and consumed diets high in proteins, carbohydrates (Carb), or fats
for 1 week intervals. (Targeted macronutrients are bolded)
Baseline
High High High
Vol Vol Vol Vol Vol Vol
Avg Protein Carb Fat
1
2
3
4
5
6
Carbs
42% 51% 54% 44% 65% 41% 49%
24% 68% 20%
Protein
14% 17% 12% 16% 12% 18% 15%
52% 14% 13%
Fats
38% 32% 35% 40% 16% 38% 33%
25% 18% 67%
Alcohol
6% 0% 0% 0% 8% 3% 3%
-
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Results
In total, nine phyla were measured for abundance and composition, however
showed little differences between diets (Table 8).
Table 8. Phylum relative abundances during different dietary periods.
Baseline, Intermission, and Endpoint diets were combined to represent
Western diets. Data are given as average ± standard error.

Phylum

Western
2.5% ± 0.4%
82.5% ± 1.0%
0.0% ± 0.0%
6.6% ± 0.5%
0.0% ± 0.0%
8.1% ± 0.6%
0.0% ± 0.0%
0.4% ± 0.1%
0.0% ± 0.0%

Protein
3.1% ± 0.8%
82.0% ± 3.0%
0.0% ± 0.0%
3.8% ± 1.1%
0.0% ± 0.0%
10.2% ± 1.8%
0.0% ± 0.0%
0.9% ± 0.5%
0.1% ± 0.0%

Carb
1.9% ± 0.3%
81.8% ± 2.6%
0.0% ± 0.0%
7.7% ± 1.5%
0.0% ± 0.0%
8.1% ± 1.3%
0.0% ± 0.0%
0.4% ± 0.3%
0.1% ± 0.0%

Fat
3.0% ± 0.7%
80.4% ± 2.2%
0.0% ± 0.0%
4.7% ± 1.2%
0% ± 0.0%
11.2% ± 1.1%
0.0% ± 0.0%
0.7% ± 0.4%
0.0% ± 0.0%

Proteobacteria
Firmicutes
Tenericutes
Actinobacteria
Spirochaetes
Bacteroidetes
Fusobacteria
Verrucomicrobia
Lentisphaerae
Abundances of classes during intervention periods indicated increased
Gammaproteobacteria during fat diet (0.7%) compared to the combined western diets
(0.5%), with smaller differences during protein (0.4%) and carbohydrate (0.3%) periods.
Clostridia did not exhibit a significant abundance difference between any diet period
(78.2%, 76.9%, 79.0%, and 77.1%, for combined western, protein, carbohydrate, and fat
respectively). Specifically, Bacilli were increased during the protein diet than all other
periods (2.9%, 2.1%, 1.2%, 1.2%, for protein, combined western, carbohydrate, and fat
respectively) however only significantly differed between protein and western (p = 0.03)
and fat and western (p = 0.04) (Table 9). Actinobacteria class exhibited similar trend to
its parent phylum (Actinobacteria), with significant increased abundance on carbohydrate
(7.7%) and overall western (6.6%) periods than protein (3.8%) and fat (4.7%) diets but
was only significantly different between western and protein diets (p=0.03) (Table 9).
Bacteroidia and Verrucomicrobiae were the only classes of their respective phyla on the
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Microbiota Array and as such showed the same responses as phyla during the
intervention periods. Specifically, these two classes appeared to exhibit an opposing
response to each diet, when the abundance of Bacteroidia increased, the abundance of
Verrucomicrobiae decreased, and vice versa (Figure 12).

Figure 12. Responses of two prominent classes of the gut microbiota during high
protein, carbohydrate, and fat diets. Increased protein and fat in the diet resulted
in significant differences in abundance Actinobacteria and Bacteroidia
abundances (P=0.02 and <0.01 for Protein and Fat diets, respectively.) Data are
plotted as average abundance (n=18 and 6 for western and intervention diets,
respectively) ± standard error.

Genus level abundances showed greater differences than phyla and classes.
Escherichia/Shigella group was higher on the fat diet (0.4%) compared to all other diets
(0.1%, 0.2%, 0.1% for combined western, protein, and carbohydrate respectively),
however the difference was not significant. Anaerovorax was greatly enriched during the
protein diet (0.9%) compared to the carbohydrate week (0.2%, p=0.03); but was not
significantly different when comparing any other diets (western diet, 0.5%, fat diet,
0.4%). Other subtle changes in abundance during singular diet weeks included
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Table 9. Class relative abundances during different dietary periods. Baseline,
Intermission, and Endpoint diets were combined to represent Western diets.
Data are given as average relative abundance ± standard error.

Class
Deltaproteobacteria
Alphaproteobacteria
Betaproteobacteria
Gammaproteobacteria
Epsilonproteobacteria
Clostridia
Erysipelotrichi
Bacilli
Mollicutes
Actinobacteria
Spirochaetes
Bacteroidia
Fusobacteria
Verrucomicrobiae
Lentisphaeria

Western

Protein

Carb

Fat

1.1% ±0.1%
0.0% ±0.0%
1.0% ±0.3%
0.5% ±0.2%
0.0% ±0.0%
78.2% ±1.0%
1.5% ±0.1%
2.1% ±0.2%
0.0% ±0.0%
6.6% ±0.5%
0.0% ±0.0%
8.6% ±0.8%
0.0% ±0.0%
0.4% ±0.1%
0.0% ±0.0%

1.5% ±0.2%
0.0% ±0.0%
1.2% ±0.6%
0.4% ±0.2%
0.0% ±0.0%
76.9%±3.0%
2.2% ±0.4%
2.9% ±0.6%
0.0% ±0.0%
3.8% ±1.0%
0.0% ±0.0%
10.2% ±1.8
0.0% ±0.0%
0.9% ±0.5%
0.0% ±0.0%

0.8% ±0.1%
0.0% ±0.0%
0.7% ±0.2%
0.3% ±0.1%
0.0% ±0.0%
79.0% ±2.1%
1.6% ±0.2%
1.2% ±0.4%
0.0% ±0.0%
7.7% ±1.5%
0.0% ±0.0%
8.1% ±1.2%
0.0% ±0.0%
0.4% ±0.3%
0.1% ±0.0%

1.0% ±0.2%
0.0% ±0.0%
1.2% ±0.5%
0.7% ±0.2%
0.0% ±0.0%
77.1% ±2.1%
2.1% ±0.2%
1.2% ±0.4%
0.0% ±0.0%
4.7% ±1.2%
0.0% ±0.0%
11.1% ±1.1%
0.0% ±0.0%
0.7% ±0.4%
0.0% ±0.0%

Table 10. Genus relative abundances during different dietary periods. Baseline,
Intermission, and Endpoint diets were combined to represent Western diets. Data
are given as average ± standard error.
Class
γ-proteobacteria
Clostridia
Clostridia
Clostridia
Clostridia
Clostridia
Bacilli
Bacilli
Bacilli
Actinobacteria
Actinobacteria
Bacteroidia
Bacteroidia
Verrucomicrobiae

Genus

Escherichia/
Shigella
Anaerovorax
Veillonella
Thermotalea
Lachnobacterium
Mahella
Lactobacillus
Enterococcus
Lactococcus
Actinomyces
Bifidobacterium
Alistipes
Butyricimonas
Akkermansia

Western

Protein

Carb

Fat

0.1%±0.0%

0.2%±0.1%

0.1%±0.0%

0.4%±0.2%

0.5%±0.1%
0.4%±0.1%
0.1%±0.0%
0.1%±0.0%
0.4%±0.1%
0.0%±0.0%
0.0%±0.0%
0.21%±0.1%
0.0%±0.0%
4.2%±0.5%
1.8%±0.2%
0.5%±0.1%
0.4%±0.1%

0.9%±0.2%
0.3%±0.1%
0.2%±0.1%
0.1%±0.1%
1.0%±0.4%
0.1%±0.1%
0.1%±0.1%
0.4%±0.1%
0.1%±0.1%
1.7%±0.7%
2.6%±0.3%
0.9%±0.3%
0.9%±0.5%

0.2%±0.1%
0.1%±0.0%
0.0%±0.0%
0.2%±0.1%
0.4%±0.1%
0.0%±0.0%
0.0%±0.0%
0.2%±0.2%
0.0%±0.0%
5.9%±1.4%
1.4%±0.4%
0.3%±0.2%
0.4%±0.3%

0.4%±0.1%
0.5%±0.3%
0.0%±0.0%
0.3%±0.1%
0.4%±0.1%
0.0%±0.0%
0.0%±0.0%
0.2%±0.1%
0.0%±0.0%
2.6%±0.9%
3.0%±0.5%
0.6%±0.2%
0.7%±0.4%
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Thermotalea, Mahella, Enterococcus, Lactococcus, Butyricimonas, Akkermansia,
and Lachnobacterium during the course of the nutrition intervention periods (Table 10).
Interestingly no members of the microbiota appeared to respond singularly to the
increased amount of carbohydrates. Bifidobacterium responded uniquely to each change
in diet, significantly decreasing during the protein diet (1.7%, p = 0.04), slightly
increasing on the carbohydrate diet (6.0%), and slightly decreasing during the fat diet
(2.6%), compared to the combined western diets (4.2%) although comparisons between
these diets did not prove significant. Alistipes responded to the protein and fat diets with
increased abundance compared to both combined western and carbohydrate diets (2.6%,
3.0%, 1.8%, 1.4% for protein, fat, western, and carbohydrate respectively; p = 0.03, 0.02,
0.01 for Carb/Fat, Western/Fat, and Western/Protein, respectively). As such, it appears
that genera uniquely respond to changes in the diet reflective of normal alterations in
nutrient composition.
The number of detected species was fairly stable within individuals, however
varied between individuals with a minimum of 257 and a maximum of 386 bacterial
species detected in the whole community. Bacterial phylo-species differed appreciably
within diets (Western: 257/377, Protein: 264/375, Carbohydrate: 283/361, Fat: 273/386
min/max) highlighting individual specific responses. Western diet samples, notably, had
a larger range between detected species.
Multivariate ordination analyses were carried out on phylotype and genus
abundance data to determine the degree of influence diet had on the overall microbiota
structure within the sample population. Principal components analysis (PCA) was carried
out on genus abundances, while principal coordinates analysis (PCoA) was also carried
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out, using phylotype signal. PCA and PCoA analyses indicate unique individual-specific
responses to each diet, indicated by the grouping of samples to each person and average
intragroup distances much smaller than average intergroup distances (Figures 13A, 14A).
As such, these analyses were expanded to each individual to determine how each subject
responded to diets. The following results were obtained: Volunteer 1: ordination showed
a clear grouping of microbiota from the western and carbohydrate diets while microbiota
from protein and fat periods were both uniquely isolated. Volunteer 2: sample separation
in PCA space suggested that baseline and intermission diet 1 were more similar to the
microbiota during the fat diet, whereas the endpoint, carbohydrate, and protein diets were
all slightly different from the rest. PCA of Volunteer 3: indicated similar microbiota
between protein and fat diets compared to western and carbohydrate diets; although even
among western and carbohydrate diets there was considerable dissimilarity. Baseline and
endpoint diets were more similar to the carbohydrate diet but intermission diet 1 was
isolated away from all other diets. A trend which was also seen in Volunteer 5 albeit
endpoint diet was isolated compared to all other samples. Volunteer 4, showed separation
similar to Volunteer 1 with western diets being grouped together and carbohydrate close
by. Protein and fat diets appeared to be each individually distributed in the PCA space.
Volunteer 6 exhibit the least structured grouping of samples. Microbiota communities
from fat, baseline, and endpoint diets clustering very closely together whereas
carbohydrate, protein, and intermediate 1 diets were more separated in the PCA space
(Figure 13B-G).
PCoA analysis using UniFrac distance metric, incorporates phylogenetic
similarities and uniqueness between communities, and can uncover otherwise overlooked
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pattern in community analyses. Similar to PCA ordination results PCoA of all samples
supported subject driven dietary responses (Figure 14B-G). Moreover, inclusion of
phylogenetic information was able to isolate Volunteer 4 from Volunteer 2, which
clustered together in PCA space. This highlights the advantage of phylogenetic based
measures in community analyses. PCoA was next employed on volunteers-specific
datasets to again observe subjects’ responses to intervention diets. Sample ordination in
PCoA space was very similar to PCA, however there were specific instances in which
PCoA indicated better sample grouping, whereas others highlighted that subject
microbiota were not as similar as indicated by PCA analysis of abundance only.

Figure 13. Principal components analysis (PCA) of fecal microbiota abundance
between different intervention diets. Population analysis indicated clustering of
samples was primarily driven by individual responses to diet change (A).
Individual PCA highlights unique responses between volunteers during baseline,
intermission, protein, carbohydrate, and fat diets (B-G).
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Figure 14. UniFrac based principal coordinates analysis of fecal microbiota
between different human diets. Population analysis indicated clustering of
samples was primarily driven by individual responses to diet change (A).
Individual PCA highlights unique responses between volunteers during baseline,
intermission, protein, carbohydrate, and fat diets (B-G).

Principal response curves analysis was next employed on individuals’ genus taxa
to determine which genera were responsible for changes to the gut microbiota during the
different diets. PRC curves showed very divergent patterns to the change in community
structure (Figure 15A). Specifically Volunteer 1 showed the most difference between
Protein and baseline, while intermission diet 1 appeared to ‘rescue’ the microbiota.
During the intermission 1 and carbohydrate diets, Volunteer 1 microbiota appeared to
surpass what was measured at baseline. Fat diet showed a smaller yet similar trend to the
changes in protein diet (Figure 15B). Volunteer 4 showed a similar pattern to PRC
although the change from protein to intermission 1 and carbohydrate diets was less
dramatic, while the switch between carbohydrate diet to fat diet was similar and fat to
endpoint more dramatic (Figure 15E). Similar to Volunteer 1, Volunteer 2 displayed the
most alteration on communities during the protein diet compared to baseline.
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Interestingly, in contrast to observed responses in all other individuals, the microbiota
during the carbohydrate diet appeared to be more resembling that during the fat period
than baseline or intermission diet 1 (Figure 15C). Volunteer 3 PRC results returned the
largest individual change to community structure during the fat diet, both in comparison
to the baseline and carbohydrate diets. Similar to many of the other volunteers, protein
diet was an apex change, with community appearing to revert back to baseline
composition during the intermission diet 1 period and surpassing the baseline community
during carbohydrate diet. Endpoint diet did not appear to produce enough changes to
fully ‘rescue’ the microbiota (Figure 15D).

Volunteers 5 and 6 each had unique

responses isolated from what could be observed in the rest of the sample population. For
instance, Volunteer 5 not only surpassed the baseline community during the carbohydrate
diet but also again during the endpoint period (Figure 15F). Also, Volunteer 6 was the
only individual who did not exhibit any ‘apex’ shifts during the protein diet; rather this
was seen during the intermission diet 1 (Figure 15G). The remaining of Volunteer 6 PRC
curve indicated similar patterns of change to all of the other volunteers, with the
exception of Volunteer 2. In all individuals Alistipes and Oscillibacter appeared to be
driving the community shifts towards protein and fat compositions (Table 11). Of note,
while many of the recognized genera associated with promoting increased colonic health
(Bifidobacterium, Faecalibacterium, Blautia, and Roseburia) were indicated as driving
forces towards baseline although this was not exhibited in all individuals and in some
cases, the opposite was true, in those cases, the weight assigned to these genera were
small. Not all genera were detected at appreciable levels in all volunteers (i.e.
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Bifidobacterium was barely detectable in Volunteer 6) and such would not be indicated as
a driving force in compositional changes to the microbiota.
Discussion
Diet has been shown to influence gut microbiota composition and function (26, 153).
Diets lower in fat and proteins have resulted in increases of Bacteroidetes and decreased
Firmicutes presence compared to an animal product based diet

(26)

. Other reports

contradict these results and no increase in Bacteroides members following addition of fat
into the diet is exhibited. This work highlights specific changes to the gut microbiota at
different taxonomical levels. Since subtle changes at lower taxonomical levels can mask
responses in higher taxonomy, much of the analyses were focused on genus taxa.
Increasing protein and fat in the diets created unique individual responses but overall
appeared to select for genera which have been linked to diet associated maladies,
including Escherichia/Shigella, and Alistipes (142), which all have been linked to increased
incidence of obesity, metabolic syndrome and type 2 diabetes (2). Moreover the increased
presence of these organisms could result in a greater presence of lipopolysaccharides
which can lead to inflammation. Inflammation in the gut potentially leads to irritable
bowel symptoms and possibly long-term inflammatory conditions (i.e. ulcerative colitis).
Similarly the inclusion of fats and proteins resulted in a loss of health promoting
members including Bifidobacterium which have been shown to directly influence the
local inflammatory status through production of butyrate and promoting increased IL-10
production and decreasing TNF-α expression. Interestingly, Akkermansia, a genus
associated with promotion of host health appeared to increase during protein and fat diets.
Dietary protein, for instance, increases goblet cell activity in the colon (157)
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Figure 15. Principal response curve analysis performed on distal gut microbiota
profiles from volunteers during baseline, protein, intermission, carb, fat, and
endpoint diets. Individuals exhibited similar responses to test diets however
amplitude of responses differed between subjects. Data represent single sample
comparisons within each volunteer.
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Table 11. List of top 6 genera based on PRC weights to either drive toward
baseline composition or diet changes. Genera in bold are indicated drivers in the
entire population.

Associated with diet changes
Genus
Effect

Associated with baseline
Genus
Effect

Volunteer 1
Alistipes
Anaerotruncus
Bacteroides
Mahella
Oscillibacter

8.69
8.28
8.42
8.55
8.82

Bifidobacterium
Blautia
Coprococcus
Prevotella
Sutterella

-8.55
-8.42
-8.69
-8.28
-8.14

Volunteer 2
Alistipes
Bacteroides
Dorea
Oscillibacter
Streptococcus

6.47
6.37
6.17
6.57
6.27

Bifidobacterium
Collinsella
Papillibacter
Roseburia
Subdoligranulum

-6.47
-6.17
-6.07
-6.37
-6.27

Volunteer 3
Akkermansia
Alistipes
Bacteroides
Butyricimonas
Oscillibacter

7.41
7.65
7.53
7.29
7.76

Alistipes
Anaerotruncus
Oscillibacter
Prevotella
Sutterella

8.49
8.36
8.62
8.09
8.22

Bifidobacterium
Blautia
Coprococcus
Faecalibacterium
Roseburia

-7.29
-7.53
-7.65
-7.41
-7.17

Volunteer 4
Bifidobacterium
Blautia
Coprococcus
Faecalibacterium
Roseburia

-8.09
-8.49
-8.22
-8.36
-7.96

Volunteer 5
Acetivibrio
Alistipes
Lactonifactor
Oscillibacter
Roseburia

6.72
7.16
6.94
7.05
6.83

Anaerostipes
Bifidobacterium
Blautia
Faecalibacterium
Ruminococcus

-6.61
-7.05
-6.94
-6.83
-6.72

Volunteer 6
Alistipes
Bacteroides
Eubacterium
Odoribacter
Oscillibacter

6.92
7.03
6.71
6.82
7.14

Blautia
Coprococcus
Roseburia
Streptococcus
Veillonella

-6.82
-6.92
-6.60
-7.03
-6.71
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Since Akkermansia is adept at metabolizing colonic mucosa, increased goblet cell activity
may provide this genus with a ready food source while other microbes suffer.
Furthermore, recent evidence has linked decreased mucosal thickness with increased
local inflammation. This highlights how changing of the available nutrients from the diet
can divert a ‘healthy’ bacterium to cause or exacerbate deleterious effects to host health
(142)

.
Ordination analyses of microbial genera highlighted the individualistic responses

to dietary interventions, where samples clustered better according to individuals rather
than diet. Expanding ordination analyses to individuals separately, further highlighted
cases where an individual responded as expected to the changes in diets, where western
and carbohydrate diets were clustered together compared to protein and fat diets. The
individual ordinations also highlighted instances where this was not the case, and a
particular intermission/western diet clustered closer to either protein or fat; conversely
there were examples where an intermission/western diet was completely isolated, driving
other samples to cluster closer.
Further multivariate analysis via PRC illustrated specific trends in the changes
observed in the gut microbiota. As was seen with ordination analyses, individual
responses outweigh community wide changes. Despite this, PRC still highlighted
common drivers to community changes. Particularly, PRC also indicated Alistipes as a
common driver away from baseline compositions. Interestingly, even though all
individual’s microbiota at one point was more reflective of the baseline, PRC was unable
to ascertain common genera driving towards this composition. Taken into account with
the lack of concordance of ordination clusters among western/carbohydrate samples; this
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could be an indication that during intermission periods volunteers consumed highly
divergent diets. For example, one volunteer may have had trouble consuming a heavy
protein diet and as such during the intermission diet following this period may have had a
lower amount of dietary protein compared to baseline.
Overall, microbiota responses to dietary changes were minimal and not
significant. This could be rooted in many causes including: i) small population size; ii)
lack of structured Western diets (as opposed to each subject returning to his/her own
eating habits) and recording intermission diets; iii) no monitoring of compliance, iv)
inability of microarrays to detect novel organisms; v)use of fecal material. There

were

several limitations in the design and carryout of this study and with some modifications
this study could be improved. The ability to compensate study subjects, or having a large
dedicated sample population with which to sample from would decrease the observed
inter-individual variability. Controlling for all western/intermission diets would surely
increase the similarity of microbiota during these periods. Providing food in containers
and/or requiring individuals to keep a running diary of what they ate would allow
determining compliance of what food is eaten and at what quantities. Increasing the
breadth of the Microbiota Array for newly catalogued microbes, and/or utilizing next
generation sequencing techniques which can detect novel organisms could uncover more
responses. While not much can be ethically changed with the use of fecal material in
human studies, us of an in vitro system such as the HGS as in Aims 1 and 2 can offer
very robust routes for studying the gut microbiota. Lastly, while there are some
downsides to this study and less significance to the obtained results, they are still
important and the study warrants more attention in the future.
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IV. Dissertation Summary
Specific Aim Conclusions
Specific Aim 1
A Human Gut Simulator (HGS) system was successfully constructed and capable
of modeling environmental conditions found with the human colon. Validation was
carried out on individual components and on the complete system. The HGS system was
capable of establishing and maintaining stable complex microbiota for up to 42 days. The
HGS system was capable of harboring gut microbiota which resembles that found in the
fecal donor and distal community was more similar to fecal donor than proximal
indicating the ability of the HGS to mimic regional environments of the human colon.
Specific Aim 2
Switching from a “western” medium to a fat only medium caused a loss of
population density in proximal, transverse, and distal vessels. The fat only medium
selected for specific members of the gut microbiota that possess beta-oxidation
machinery and which are associated with diet induced morbidities. Members of the
microbiota associated primarily with carbohydrate and protein degradation and are
attributed with probiotic affects were selected against following the shift to fat only
medium. The HGS microbiota quickly responded to the change in nutrients but exhibits
gradual temporal shifts to composition in response the fat only medium. Nutrient
differences in media imparted the greatest affect on the gut microbiota composition,
while replicate and vessel also affected dataset variability. Variability between replicates
highlights the importance of fecal slurry preparation.
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Specific Aim 3
Increasing amounts of carbohydrate, protein, or fat in diets resulted in specific
changes to gut microbiota. Individuals responded uniquely to changes in diet composition
to a greater extent than the population as a whole. Reponses in individuals in some cases
matched expected differences with respect to gut microbiota, while others did not.
Known limitations existent in study design and environment muddle robust analysis and
interpretation but are addressed and suggested for improvement.
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